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ABSTRACT 

In this module the student will learn about another 
circuit quantity, capacitance, and discover the effects of this 
component on circuit current, voltage, and power. The module is 
divided into seven lessons: the capacitor, theory of capacitance, 
total capacitance, RC (resistive-capacitive circuit) time constant, 
capacitive reactance, phase and power relationships, and capacity 
design considerations. Each lesson consists of an overview, list of 
study resources, lesson narratives, programed instructional 
materials, and lesson summaries. (Author/BP) 
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OVERVIEW 



MODULE ELEVEN 
CAPACITANCE 

In this module you will learn about another circuit quantity, capac i tance , 
and discover the effects of this component upon circuit current, voltage, 
and power. You will learn about the circuit component which makes use 
of this quantity and how it functions. 

For you to more easily learn the above, this module has been divided 
into the follovying seven lessons: 

Lesson i The Capacitor . 

Lesson II Theory of Capacitance 

Lesson III Total Capacitance 

Lesson IV RC Time Constant 

Lesson V Capacitive Reactance . . 

Lesson VI Phase and Power Relationships 

Lesson VII Capacity Design Considerations 

TURN TO THE FOLLOWING PAGE AND BEGIN LESSON I. 
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OVER\/IEW 
LESSON I 

The Capaci tor 

In this lesson you will study and learn about the following: 

-electrostatic field 
-what a capaci tor i s 
-what a capacitor does 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 



t 



Study Resources Eleven-I 

LIST OF STUDY RESOURCES 
LESSON I 

The Capaci tor 



To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the 
fol lovvi ng : 



STUDY BOOKLET: 

Lesson Narrative 
Programmed Instruction 
Lesson Summary 



ENRICHMENT MATERIAL: 

NAVPERS 93'»OOA-1b "Basic Electricity, Alternating Current." 
Fundamentals of Electronics . Bureau of Naval Personnel. 
Washington, D. C: U.S. Government Printing Office, I965. 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY 
TAKE THE PROGRESS CHECK AT ANY TIME. 
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NARRAT I VE 
LESSON 1 

The Capacitor 

The Capacitor 

By now you are familiar with every component in your power supply 
and the role each plays in the circuit except for the two capa- 
ci tors . 

An important concept in the understanding of capacitance is the 
electrostatic force field and its representation by electrostatic 
1 i nes of force*. 



The Electrostatic Field 

You already know that bodies having like charges repel each other 
and that bodies having unlike charges attract each other. A body 
that is deficient in electrons is designated as having a positive 
charge, while a body that has an excess of electrons is designated 
as having a negative charge. 

The phenomenon of charge attraction or repulsion leads to the 
supposition that each charged body has around it an electro- 
static field made up of invisible lines of force similar to lines 
of magnetic flux. 

Electrostatic lines of force differ from magnetic lines of flux 
in two respects: 

1. Electrostatic lines do not form closed loops (observe the 
illustration on the next page), whereas lines of magnetic 
flux do form closed loops. 

2. Electrostatic lines are polarized from positive to negative, 
whereas magnetic flux lines are directed from the to the 

S^ pole outside of the magnet* 
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The closer the charged bodies 
are to each other, the stronger 
is the force between them* The 
farther apart they move, the weaker 
the force becomes. 




This illustration shows two 
charged metal plates, one nega- 
tive, the other positive, and 
the electrostatic field between 
them polarized in the direction 
of the arrows* 



If a free electron were placed in the center of the electrostatic 
field, because like charges repel, it would tend to be repelled by 
the negative plate* On the other hand, because unlike charges attract, 
it would be attracted to the positive plate; therefore, it would 
move in a direction opposite to the electrostatic field* (The 
direction of the field was defined more than a century ago when it 
was thought that positive charges were tho current carriers*) 

What a Capaci tor I s 

A capacitor consists of two conducting surfaces called pi ates wh Ich 
are separated by a nonconductor called the dielectric * 
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LEAD 



PLATES 



The dielectric betvyeen the two 
plates may be vacuum, air, 
vjaxed paper, ceramic, glass or 
ar^.y other nonconducting material 
through which electrons will not 
eas i ly pass « 



Schem^ntic Symbol 

The schematic symbol for a capacitor represents the leads connected 
to the tv/o platei and separated by space. 



What a Capacitor Does 

A capacitor stores energy between its pliJtes when the plates are 
charged. To show how this energy is stored, let's examine the action 
in th i 5 ci rcu i t : 



When the svyitch is first moved to position 2, the source will move 
electrons around the circuit from the capacitor's lower plate to the 
upper plate. Current cannot flow through the dielectric so the 
electrons pile up on the top plate and a difference of potential 
builds up between the two plates. This voltage cn the capacitor 
will rise to equal the source voltage, and current flow will then 
stop. An electrostatic (force) field is established between the 
plates by the difference of potential and energy is stored in this 



Moving the switch to position 3 after the capacitor is charged will 
cause no change in the circuit conditions for the excess electrons 
on the top plate of the capacitor still hfjve no place they can go. 
The capacitor will stiH have 10 volts difference of potential 
betv/een its plates. 

If the switch is now placed in position 4, a path is created for 
the electrons to travel from the top plate to the bottom, and the 
force of attraction and repulsion (electrostatic field) will make 
them move until the force drops to 0. At this point, all the 
stored energy has been returned to the circuit* 




EAI10V 
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You saw earlier how a free electron placed in an electrostatic 
field is attracted to the positively charged plate. Now let's see 
what happens to the atoms of a dielectric material in e capacitor. 

This illustration shows one atom of the non-conducting dielectric 
between the plates of an uncharged capacitor. Remember that the 
electrons of an insulator are not free to leave the atom, they are 
tightly bound electrons. 
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The illustration shows what happens 
to an atom in the dielectric when the 
capacitor is charged. Because the 
electrons tend to be attracted to the 
positive plate and repelled by the 
negative plate, but are not free 
to leave the atom, the orbital shells 
are stretched toward the at t ract i ng 
plate, thus elongating their orbits and distorting the shape of the 
atom. In this vjay some dielectric materials increase the capacitor's 
ability to store a charge. The energy required to distort the electron 
orbits is transferred from the source to the electrons. Because energy 
can never be created nor destroyed, as long as there is a charge on the 
plates the electron orbits remain distorted. 

You can think of the displaced electrons as being like a spring 
which is stretched. As long as a spring is held in a state of 
tension, it stores energy. Similarly, when the charges of the 
plates neutralise in the capacitor, the electrons spring back to 
their normal position; the energy which was stored returns to the 
c i rcu i t . 



A capacitor, then, is an electrical device consisting of two con- 
ducting plates separated by a nonconducting material; it is a 
device that stores electrical energy in Its electrostatic field. 

A capacitor's ability to store energy makes it dangerous to the re- 
pairman, for the charge may be retained even after the circuit is 
de-energized. The only way you can be certain a capacitor does 
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not have a charge is to discharge it, preferably not through your 
body! Review the safety precautions In Module Zero before you put 
your hands in any circuit containing capacitors* 

Electrons do not flow through the nonconducting dielectric in a 
capacitor. However, electrons can be forced to move through a non- 
conductor if enough force is applied. It is conceivable, then, that 
if you apply a great enough voltage, you can force the bound 
electrons of the dielectric to break loose and move through a 
capacitor. If the voltage rating of a capacitor is exceeded, it 
destroys the capacitor's ability to store energy, thus destroying 
Its purpose. 



AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY 
OF THE OTHER RESOURCES LISTED, IF YOU TAKE THE PROGRESS CHECK AND 
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON, IF NOT, 
STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE 
QUESTIONS CORRECTLY, 
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PROGRAMMED INSTRUCTION 
LESSON I 

The Capaci tor 

TEST FRAMES Ar<E 8 AND 27. AS BEFORE, GO FIRST TO TEST FRAME 8 AND 
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS 
GIVEN AFTER THE TEST FRAME. 



1. Recall that like charges and unlike charges 

• repel /at tract 

repel/attract 



( repel ; attract)' 



2. This principle is put to use by the components in your power sup- 
ply called capaci tors , These components are cylindrical in shape, 
and larger than the resistors. 

The capacitors are located between what terminals in your pov^er 
supply? 



a . 


Tl 


- T2 


b. 


T2 


- T7 


c. 


T2 


- T3 


d. 


T3 


- T7 



(h. T2 - T7; d. T3 - T77 



3. An electrical charge at rest is k^own as static electricity > From 
this you might infer that a capacitor works on the principle of: 

a. electromagnetic lines of force* 

b. electrostatic lines of force. 



(b. electrostatic lines of forceT 
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The forces of attraction and repulsion are caused by electro 
static lines of force that surround every charged body. 

Which of the following bodies has an electrostatic field? 

_a, © 

_c,Q 
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5. For simplicity, and by agreement, the electrostatic field is 
represented schematically by lines which are said to leave a 
positive charge and enter a negative charge. 




Complete each item below by showing the sign of each charge or 
the direction of the field. 




A. B. C. 
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6. Electrostatic lines of force differ from magnetic lines of flux 
in that they do not form closed loops. 

Check the correct statement (s) • 

a. Electrostatic lines are continuous loops between negative 

and positive. 

b. Electrostatic lines do not leave the negative body and 

enter the positive body. 
c. Electrostatic lines of force travel from negative to 

positive by charged bodies in an infinite direction. 



(b) Electrostat ic lines do not leave the negat i ve^ body and enter 
the pos i t i ve body. 

7. Electrostatic lines of force are basically different from magnetic 
lines of flux in another respect in that they do not have north 
and south poles. 

Electrostatic lines of force: 

a. can be considered north and south. 

b. leave a north pole and enter a south pole. 

c. leave a south pole and enter a north pole. 

d. are not considered north and south. 



\d) are not considered north and south. 



8. Electrostatic lines of force: 

a. are invisible. 

b. form closed loops. 

c. are directed from negative to positive. 

d. move from N to S. 

e. are directed from positive to negative. 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 8 
a. are invis ible. 

e. are directed from positive to negative. 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST 
FRAME 27. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED 
SEQUENCE BEFORE TAKING TEST FRAME 8 AGAIN. 



9. An electrostat ic 
duct ing material 
the di rect ion of 



field can be formed betv>/een two pieces of con- 
separated by a nonconductor. Show with arrows 
the electrostatic lines in this sketch* 
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10* Energy may be stored in an electrostatic field like that of 
frame 9, for the excess electrons on the right-hand piece of 
metal (plate) will try to move to the left-hand plate because 
of the attraction between positive and negative. If a conducting 
path Is placed between the plates, the energy will be returned 
to the c i rcu i t . 







B(-) 

















Electrons will move from when the switch is 

closed. A to B/B to A 



(B to A) 



11. The ability of this device to store energy may be increased by 
placing a nonconducting solid between the plates in place of 
air or a vacuum. You will see why this is so in the following 
frames # 

Which of these units will be able to store more energy in the 
electrostatic field? 



a* ' b • 
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12. If an atom of a nonconducting material Is placed In the center 
of an electrostatic field, Its electrons will not leave the atom 
as readily as those of an atom of a conducting material; however, 
they will be affected by the force of the field. 



I'll I 

I 




LOCATION OF ATOM 

With the two bodies charged as shown In the preceding Illustra- 
tion, the orbital electrons are: 



a. attracted toward the positive body. 

b . not affected at all. 

c. attracted toward the negative body. 



(a) attracted toward the positive body 



, 13. When a nonconducting solid is placed between two bodies with 

opposite charges, trie electrostatic field stretches the orbits 
of its bound electrons, but normally does not dislodge the 
electrons from their orbits. 

Which of the following illustrations shows an atom of a non- 
conducting material between two charged bodies? 



'M,lli 



a. 




V'V 



ft / (■ ' 



^.1 



b. 




TiT 



o 
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\k. We can relate this concept to the stretching of a spring* As 
long as you exert a force, the spring remains stretched; as soon 
as you let go, the spring snaps back. 

If we were to neutralize the charges in the diagram, the electrons 
would: 

+ ^ a. dislodge from 

4- -^--^ ^ V''lil ~ the atom. 

— / JX\ — ^ I'/i'l' b. stay where they 

are « 

c. go back to cir- 

V/lV.) cular orbits. 




(c) go back to circular orbits 



15. The device used to store energy by virtue of an electrostatic 
field is called a capaci tor . 

A capacitor stores electrical energy in a/an: 

a. magnetic field. 

b. electrostatic field. 

c. Stat ic field. 



(b) electrostatic field" 



16* A capacitor consists of two conducting surfaces called plates 
that have wires connected to them* The plates are separated 
by a nonconductor called the dielectric * 

A capacitor physically consists of: 

a. plates, leads, conductors* 

b. leads, plates, iron* 

c. dielectric, plates, conductors* 

d. conductors, leads, dielectric* 



(c) dielectric, plates, conductors* 
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!?• The dielectric between the two plates may be vacuum, air, water, 
paper, glass, or any other nonconducting material through which 
electrons do not easily pass. 

The best dielectric material is: 



a, iron, 

b. ceramic, 

c, copper, 

d. silver. 



ceram i c 



18. This illustration shows a simple caDaclfor and its schematic symbols. 




wmm 



T 



Label the diagrams below. 





LEAD (CONDUCTOR) 
PLATE 

DIELECTRIC 
PLATE 

LEAD (CONDUCTOR) 



-LEAD 



'PLATE 
-LEAD 



amc 
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/ 



6V 



SW1 



If the two plates of the capacitor have no charge on them and 
SWl is closed, electrons are: 

a. pulled off Plate A. 

b. pulled off Plate B. 

c. forced onto Plate A. 

d. forced onto Plate B. 



(b. pulled off Plate B; c> forced onto Plate A«T 



20. Plate A now assumes a negative charge and Plate B assumes a 



positive charge. 



A B 



Check the correct statement (s) • 



6V 



1 



a. A difference of potential exists between the two plates. 

b. Electrostatic lines of force are directed from Plate A 
to Plate B. 

c. Electrostatic lines of force are directed from Plate B 
to Plate A. 



(a. A difference of potential exists between the two plates; c. Ele c t r o- 
static 1 ines of force are directed from Plate B to Plate A.) 
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2r, Recall that the dielectric material of a capacitor is a noncon- 
ductor. 

Check the correct statement (s) . 

a. There is normal current flow through a capacitor. 

b. The bound electrons in the dielectric stretch their orbits 

like a spring when the capacitor is charged* 
c. No current is supposed to flow through a capacitor* 



(b. the bound electrons In the dielectric stretch their orbits like 
a spring when the capacitor Is charged; c* No current Is supposed 
to flow through a capacitor.) 



22. Because energy cannot be destroyed, a capacitor stores the energy 
required of the charge in Its electrostatic field* 

As long as there is a difference in potential between the plates 
of a capacitor, it keeps the energy In its: 

a, dielectric. 

b. plates* 

c. electrostatic field. 

d. leads. 



(c) electrostatic field 



23. A capacitor is capable of ctoring and retaining an electrical 
charge, because of this it represents a potential danger even 
after the circuit is de-energized. 

After a capacitive circuit has been de-energized there may still 
be an excess of electrons on the plate and a deficiency 

of electrons on the plate of the capacitor. 



(negative, positive) 
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2k. Before attempting any repairs or measurements in a de-energized 
capacitive circuit all res id ^1 charge should be removed from 
the capacitor. To do this a conducting path is placed across the 
plates of the capacitor allowing movement of electrons between 
the plates and thus neutralizing any remaining charge. 



(Go to next frame.) 



25. If the charge across the plates is allowed to neutralize, the 
energy which was stored is released and returned to the circuit 



f SWl were closed: 



B 



-I 1 + 



SWl 



a. the excess electrons on Plate A would move to Plate B 
through the capacitor. 

b. the excess electrons on Plate B would move to Plate A 
through the capacitor, 

c. the excess electrons on Plate A would move to Plate B 
through the external circuit. 

d. the excess electrons on Plate B would move to Plate A 
through the external circuit. 



(c) the excess electrons on Plate A would move to Plate B through the 
external ci rcui t . 



26. If enough force is applied to a capacitor, you can force the bound 

electrons of the dielectric to break loose and move through a capacitor* 



If too high a voltage is applied to a capacitor, it: 



a. allows current flow through it. 

b. is not able to store a charge. 

c. stores a greater charge. 



(a. allows current flow through it; b. is not able to store a charge) 
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27. Check the statement(s) about a charged capacitor that is (are) 
true. 

a. forces electrons through the dielectric from its nega- 
tive plate to its positive plate. 

b. has a difference of potential across its plates. 

c. stores energy on the plates. 

d. stores energy in electrostatic field. 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 27 

b. Has a difference of potential across its plates, 
d. Stores energy in electrostatic field. 



IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 9 AND TAKE THE 
PROGRAMMED SEQUENCE. 



IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU 

MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS 

CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF 

NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL 
THE QUESTIONS CORRECTLY. 
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SUMMARY 
LESSON I 



The Capacitor 



Basically, capacitors store electrical energy* Imagine that you have 
a body with an excess of positive charges and you gradually move a 
negatively charged body toward it. At some distance separating the 
two bodies, you will notice an attractive force between the two un- 
like charges and that this attraction increases as you bring them 
closer together. On the other hand, if you were to bring a second 
positively charged body near the first positive charge, at some dis- 
tance separating the two like charges, you would notice a repelling 
force that increases oS the separation decreases* 

An isolated charged body, such as the fixed positive charge in the 
example, has surrounding it a force field which interacts with any 
other charge brought within its field. The strength of this force 
field at any point depends on the magnitude of the body's charge 
and the distance from the body. This field can be represented by 
invisible 1 ines of force and is cal led the electrostatic field of a 
charged body. By definition, neutral bodies have no electrostatic fields. 

The direction of the field, and therefore, the direction of the lines 
of force, is defined as leaving a positive charge and entering a nega- 
tive charge as Indicated In the illustration on the next page. The 
direction of the field was defined moie than a century ago when It was 
thought that positive charges were the current carriers. Hence a 
positive charge experiences a force in the direction of the lines of 
force. A I 



A free electron placed in the field of a charged body, therefore, 
moves in a direction against the electrostatic field. When two or 
more changed bodies are placed sufficiently close to one another that 
their electrostatic fields overlap, the direction and magnitude of the 
resulting lines of force are changed. The following examples Illustrate 
like- and un 1 i ke-charged spheres and opposite-charged parallel plates. 
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FIECTROSTATIC Fill D 



I • r 




ELICTRON 



SPACE 



An illustrative exercise is to imagine you have a free electron and 
you ''drop" it at different locations in each of the three fields 
illustrated. Remembering that electrons move against lines of force, 
find the place that the electron would come to rest. 

A capacitor consists of two conducting plates separated by an insulator 
called the dielectric . Air is a common dielectric since dry air is a 
non-conductor. Mica, ceramic, and glass are other common dielectric 
mater i a 1 s . 



A capacitor stores electrical energy in the electrostatic field re- 
sulting from opposite charges on its plates. A capacitor placed in a 
circuit with a voltage source has charges of opposite polarities on 
its two plates as a result of electron flow. When the magnitude of the 
charge on the capacitor equals the voltage source, current flow ceases. 
The charged capacitor, and resulting electrostatic field, is storing 
the electrical energy developed by the voltage source. Capacitors in 
a circuit must be treated carefully, for you can never be sure a 
capacitor is not charged unless you short its plates together. 
Review safety precautions in Module Zero before working on any circuit 
containing capacitors. By shorting the capacitor plates with a con- 
ductor, current flows, the plate charge goes to zero, and the 
electric field goes to zero. Hence, the stored electrical energy Is 
released and returned to the circuit. 
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Remember that at no time does current flow through the capecitor* The 
current that appears to flow in a capacitive circuit is a di splacement 
current s When one electron arrives at the positive plate of the voltage 
source, another electron leaves the negative plate, giving the appearance 
of a continuous current. 

Since the insulating dielectric is matter composed of atons and mole- 
cules, the tightly-bound charged particles in an atom, nanely electrons 
and protons, are displaced from their equilibrium positions* Therefore, 
you have a distortion of the atomic configuration under the Influence 
of the electrostatic force field. 




In case of material dielectrics, additional energy is stored by dis- 
torting the atomic orbits from normal. 

The positively charged nucleus Is attracted to the negative plate, 
while the orbital electrons are attracted toward the positive plate. 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY 
THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU TAKE 
THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE 
NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF INSTRUCTION UNTIL YOU CAN 
ANSWER ALL THE QUESTIONS CORRECTLY. 
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OVERVIEW 
LESSON I I 

Theory of Capacitance 

In this lesson you will study and learn about the following: 

-definition of capacitance 
-measuring capacitance 
-charging the capacitor 
-discharging the capacitor 
-factors affecting capacitance 



m 

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 
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LIST OF STUDY RESOURCES 
LESSON I I 

Theory of Capacitance 

To learn the material In this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the 
following: 

STUDY BOOKLET: 

Lesson Narrative 
Programmed Instruction 
Lesson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93^00A-la "Basic Electricity, Direct Current." 

Fundamentals of Electronics . Bureau of Naval Personnel. 
Washington, D.C.: U.S. Government Printing Office, 1965. 
NAVPERS 93^00A-lb "Basic Electricity, Alternating Current." 
^ -\ , Fundamentals of Electronics . Bureau of NaVal Personnel . 

Washington, D.C. : U.S. Government Printing Office, 1965. 

AUDIO-VISUAL: 

Slide/Sound Presentation - "Factors Affecting Capacitance." 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY 
TAKE THE PROGRESS CHECK AT ANY TIME. 
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NARRATIVE 
LESSON I I 

Theory of Capacitance 

Definition of Capacitance 

Capacitance is usually defined as the measure of the ability of 
two conducting surfaces separated by some form of nonconductor 
to store an electric charge. In other words, if we measure the 
ability of a capacitor to store electrical energy, we speak of 
the capacitance (£) of the component. 

Measuring Capacitance 

Capacitance is measured in units called farads , named after 
Faraday (of Faraday^s Law fame), A farad is abbreviated as f_. 

Capacitance is equal to 1 farad when a voltage changing at 
the rate of I volt per second causes a charging current of 
1 amp to flow. 

Like resistance and inductance, capacitance is a physical property 
and cannot be changed by voltage, current, or frequency. 

The basic definition of the farad is as follows: A capacitor has 
a capacitance of 1 f^ if it stores 1 coulomb (Q) of charge when 
connected across a potential of 1 volt, or 




If we increase the voltage, what happens to capacitance? 



Nothing! Remember, capacitance is a physical property and cannot 
be changed by changing voltage. When voltage Is changed, the 
number of electrons (charge or Q) on the plates of a capacitor 
must change. 
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What is the of a capacitor if •001 Q of charge 
IS stored when a potential of 200 v is applied 

to C? 



^ ~ 200 V 
C = 5 yf 

Normally, capacitance is measured2in microfarads (yf) or picofarads 
(pf). Pico is equivalent to 10 



If a capacitor is rated at 3200 pf, what is its rating 
in microfarads? 



3200 pf is the same as 0.0032yf. 



Charging the Capacitor 
I 




UNCHARGED 



We will again use an idealized situation, 
a purely capacltlve circuit, to explain 
capacitor action. In this de-energized 
circuit, the plates df the capacitor are 
not charged, no electrostatic field has 
been created, and no energy is stored in 
the capaci tor . 



Now, if we move the switch to position 2, 
there Is a surge of electron flow. This 
causes : 



3* 



c niz 



ElKTItON 



now 



CHARGING 
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1 . 
2. 
3. 
k. 
S. 
6. 
7. 



electrons to pile up on the top plate* 

the top plate to become negative. 

electrons to be pulled off the bottom plate. 

the bottom plate to become positive. 

an electrostatic field between the plates. 

a difference or potential to exist between the plates. 

energy to be stored in the electrostatic field. 




As soon as the di 
potential across 
(Ep) is equal to 
voltage (10 vol ts 
capaci t ive ci rcui 
vol tages i n the c 
and the f^ow of o 
The capaci tor is 



fference of 
the capaci tor 
the appl i ed 

in this purely 
t) , the two 
ircuit balance 
lectrons stops* 
now charged. 



Moving the switch to position 3 after the capacitor is charged 
leaves the electrons on the plates with no path to return to a 
neutral condition, and in theory, the capacitor can hold this 
charge forever. In actuality, a good capacitor can hold a charge 
for weeks at a time, and a capacitor can' shock you severely if you 
touch both terminals of a charged one. Again, be sure to follow 
safety precautions when you work on a circuit containing capacitors. 



Discharging the Capacitor 

1 



3* 



c 

+ 



releases its 
neutral Ized, 



charce . 
and the 



As 

stored 



Now, if we move the switch to 
position 4, we provide a conducting 
path between the two plates of the 
capacitor. There is an excess of 
electrons on the negative plate which 
can now flov; to the positive plate 
which lacks electrons. With the 
capacitor acting as the source, cur- 
rent flows briefly and the capacitor 
the capacitor discharges. It becomes 
energy is returned to the circuit. 



It is important to understand that a capacitor does not consume 
power. The energy that the capacitor draws from the source is 
recovered when the capacitor discharges. 

Remember that at no time does electron current flow through the 
capacitor. The current that appears to flow in a capaci t ive 
circuit Is called displacement current. As one electron returns 
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to the positive plate, a different electron leaves the negative 
plate; no electrons actually flow through the dielectric. 



F actors Affecting Capacitance 

Three factors affect capacitance - the area of the plate surface, 
the amount of space between plates, and the dielectric constant, 

Plate Area - The greater the surface area of the plates, the greater 
the capaci tance . 




Observe the difference in the area 
of the plates In figures A and \S. 
Notice also that fewer electrons 
pile up on the plates of the smaller 
capacitor (A) • On the smaller plate, 
electrons are closer together and 
repel each other more. Due to the 
repelling effect, the source can- 
not force as many electrons onto 
the smaller plate as on the larger 
one. Because electrons spread out 
more on a larger plate, the 
repelling effect Is less for a 
given number of electrons. 



Capacitance Is directly proportional to plate area . There- 
fore, If we double the plate area, we double the capacitance. 



Plate Spacing - Capacitance 
between the plates. 



i 



lOV 



; also determined by the distance 
Notice in the Illustration that the plates 
in figures A and B are identical 
except for the spacing between 
them* 



EC A 



By Coulomb's Law we know that the 
closer together the plates are, 
the stronger the electrostatic 
field and a stronger field means 
a greater capacitance* 



Therefore, we can say that capacitance Is Inversel y proportional 
to plate spacing * The greater the distance between the plates, 
the smaller the capacitance. 
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D ielectric Constant - The amount of capacitance of a pair of 
plates is affected to a great degree by the type of dielectric 
material used between the plates. 

Experimentation has proved that, when the area between the 
plates is a vacuum, the capacitor has a minimum capacitance. 
To compare the ability of dielectric materials to increase 
capacitance, numbers designated as dielectric constants have 
been assigned to each dielectric material. 

The dielectric constant for vacuum is J[ and air is very nearly 
the same, so it is usually considered to be K Some other common 
dielectric constants are: 



Waxed paper 3-5 

Glass 5-10 

Wood 2.5-8 

Pure Water 81 



The dielectric constant tells how many times the material increases 
the capacitance when used Instead of a vacuum for the dielectric. 
If the vacuum dielectric of a capacitor is replaced with pure water, 
the capacitance will be 8l times greater. 

We can say that capacitance is directly proportional to the 
dielectric constant and the plate area , and i nversely pro- 
port ional to the d i stance between the plates * 



AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY 
OF THE OTHER RESO'.'UES LISTED. IF YOU TAKE THE PROGRESS CHECK AND 
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF 
NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER 
ALL THE QUESTIONS CORRECTLY. 
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PROGRAMMED INSTRUCTION 
LESSON II 

Theory of Capacitance 

TEST FRAMES ARE 10, 18, AND 27. AS BEFORE, FIRST GO TO TEST FRAME 10 
AND SEE IF YOU CAN ANSWER ALL THE QUbSTIONS THERE • FOLLOW THE DIRECTIONS 
GIVEN AFTER THE TEST FRAME. 



1. Recall that inductance is associated with the ability of an in 
ductor or circuit to oppose a change in: 

a. inductive reactance. 

b. henrys. 

c. current. 

d. CEMF. 



(c) current 



2. In contrast, capacitance is associated with the ability of a 
capacitor or circuit to oppose a change in voltage. 

Two plates separated by a dielectric and connected in a circuit: 

a. have inductive reactance. 

b. oppose any variation of the circuit potential difference* 

c. have the ability to pass a current. 



(b) oppose any variation of the ci rcui t potential difference 

3. Capacitance may be defined as the ability of two conducting 
surfaces separated by a nonconductor to store electrical 
energy . 

A capacitor is a component which may: 

a. store electrical energy. 

b. oppose a change in voltage. 

c. normally pass current. 

d. store current via its associated magnetic field* 
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^> The symbol used to designate a capacitor is C_. 

The letter that is used to indicate a device that stores electrical 
energy and opposes a change in voltage is: 

a. R. 

b. L. 

c. C. 

d. V. 



5» Capacitance Is measured In units called farads , abbreviated 
The capacitor shewn has a capacitance of , 

H (- 

.04 f 



(four-hundredths of a farad) 



6. Capacitors with capacitance values in the farad range may be 
as large as the building you are in^ More practical units of 
measurement are the m[^gofarad (10 farad) abbreviated 
and the picofarad (10 farad) abbreviated £f_. 

Which value of capacitance is the greatest? 

a. 10 uf 

b. 5 uf 

c. 15 pf 



(a) 10 uf 
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7. Sometimes it will be necessary for you to convert from ;:f to pf 
and vice versa. 

Example: 3200 pf is the same as 0.0032 ;.f. 

We can arrive at the equivalent for the prefix ty^first sub- 
stituting the power of ten; 3200 pf = 3200 x lO" f. Then all 
we have to do is move our dec imal^poi nt six places to the 
left to change to microfarad (10 f ) • So we can say that 
0.0032 .f is equal to 3200 pf. 

Now let's work a few problems. 

a. 5 -f equals pf 

b. 0.025 v.f equals pf 

c. 500 pf equals uf 

d. 0.0085 r equals ,if 



IT. 5>000>000; b> 25>000; c. 0.0005; d. gSOOT 



8. Like resistance and inductance, capacitance is determined by the 

component design and does not vary with changes In voltage, current, 
or frequency. 

The £ of a capacitor: 

a. goes up when j^, E^, or frequency is increased. 

b. goes down when or frequency is decreased. 

c. is strictly a physical property. 

d. does not increase or decrease with changes in E^, or 

frequency. 



Ic. is strictly a physical property; d. does not increase or decrease 
with changes in I, E, or frequency) 
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9. A capacitor is said to have a capacitance of 1 farad if it stores 
1 coulomb (Q) of charge v^hen connected across a potential of 1 
volt. Stated as an equation, C = ^. 

Example: What is the of a capacitor if 0.001 Q of charge is 

stored when a potential of 200 v is applied across it? 

-I 

J. ^ 0.001 Q 
200v 

C = 5 v.f 

What is the value of a capacitor that stores 0.015 coulombs 

of charge when a potential difference of 300 volts is connected 

across its plates? 

a. 5 ..f 

b. 50 .f 

c. 0.5 pf 

■ d. 5 pf 



(b) 50 i 



10. Match the correct term to each description. 

1. ability of a circuit to oppose a. inductance 

a change i n vol tage . 
2. ability of a circuit to oppose 

a change in current. b. capacitance 
3. ability of two conducting surfaces 

separated by a nonconductor to 

store an electric charge. 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 10 



1 



2 - a 

3 - b 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST 
FRAME 18. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED 
SEQUENCE BEFORE TAKING TEST FRAME 10 AGAIN. 



. We will now analyze a purely capacitive circuit and see what 
happens when we charge the capacitor. 

I 




I n the ci rcu i t shown 



a. an electrostatic field exists between the capacitor's 
pi ates . 

b. no potential difference exists across the capacitor. 

c. current flow is maximum. 

d. energy is being stored in the capacitor*s electrostatic 
field. 



(b) no potential difference exists across the capacitor 
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12. If we now move the switch to position 2, electrons move in the 
ui.^^ction indicated by the arrow. 




I n the c i rcu i t above 



a. plate A is becoming negative. 

b. electrons are moving through every part of the circuit. 

c. plate B is becoming positive. 

d. a capacitor voltage is developing. 

e. the plates are storing energy via inductance. 

f. an electrostatic field is developing. 



(a. plate A is becoming negative; c. plate B is becoming positive; 
d. a capacitor voltage is developing; f. an electrostatic field 
is developing) 



13. As the capacitor is being charged, electrons are flowing through 
every part of the circuit except the dielectric of the capacitor. 

The current that seems to flow in a capacitivc circuit is a re- 
sult of the displacement of electrons: It can be called: 



a. circuit current. 

b. capacitor current. 

c. displacement current. 



(c) displacement current 
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When you close the switch in this circuit, displacement current 
appears to flow through the capacitor. 



15. After a brief period of time, the capacitor is charged and the 
capacitor voltage (Ej.) equals the source voltage and opposes 
more current flow in th'e circuit. 

Label the polarity of the capacitor voltage and write in' its value^ 
(Capacitor has charged fuHy.) 



While the capacitor is charging, the lamp 



1 ight. 



wi 1 1/wi 11 not 



(will) 




^ 10 V 
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16. 




-I'h — 

When the capacitor voltage equals the source voltage you really 
have two sources connected together that oppose one another. 

After the capacitor is fully charged, the displacement current 
stop and the lamp light. 



vn 1 1 /wi 1 1 not 



wi 1 1/wi 1 1 not 



{vj\ 11; will not) 



17. If the switch Is moved to position there Is a current path 
between the two plates of the capacitor and the charge can 
neutral ize. 



As the capacitor discharges: 



a. Ej. increases. 

b. decreases. 



3* 



c. d I sp laceinent current 7 
f lov/s . 

d. stored energy is returned 
to the circuit. 

e. electron current flows through the capacitor. 



J 



(b. Ej. decreases; c. displacement current flows; d. stored 
energy is returned to the circuit) 
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18. Match the correct term to each description. 



1. exists only when capacitor 
charges and discharges. 
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2. polari ty opposes E 

a 

3. developed as capacitor charges. 
k. decreases as capacitor charges. 



a. displacement 
current 



b . capaci tor 
vol tage 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 18 

1 - a 

2 - b 

3 - b 
k - a 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST 
FRAME 27. OTHERWISE, GO BACK TO FRAME II AND TAKE THE PROGRAMMED 
SEQUENCE BEFORE TAKING TEST FRAME 18 AGAIN. 



19. Now we learn about the factors which affect the capacitance 
of a capacitor. First is the plate area. Capacitance is 
directly proportional to the plate area. 

To decrease the capacitance of a capacitor you can 

a. increase plate area. 

b. increase applied voltage. 

c. decrease the plate area. 



(c) decrease the plate area 
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20. A capacitor with large plates can store more charge with the 
same amount of voltage applied than one with smaller plates. 



The capacitor storing the most charge is capacitor 



SPACING 

9t 




TaTW 



B 




21. CaRacitance varies inversely with the distance between the plates, 

Capacitance increases if you: 

a. move the plates closer together. 

b. move the plates farther apart. 

c. increase plate area. 

d. decrease plate area. 



(a. move the plates closer together; c. increase plate area) 
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22. The electrostatic field intensity also varies inversely with the 
distance betv/een the plates. 




EC 
10V 



B 



The capacitor in circuit has the strongest electrostatic 

field. (A) (B) 



23. As the strength of the electrostatic field increases, a greater 
charge is stored. 

As the electrostatic field gets stronger: 

a. electrons leave the dielectric. 

b. more energy is stored in the electrostatic field. 

c. more electrons are stored in the dielectric. 



(b) more energy is stored in the electrostatic field 
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2^4. The dielectric constant is a number that compares the capacitance 
of a capacitor with this dielectric material to the same capacitor 
with a vacuum dielectric. A vacuum is given the dielectric constant 
of one ( 1 ) . 

Here are some examples of dielectric constants: 

Material Dielectric Constant 

waxed paper 3.5 

glass 5-10 

wood 2* 5-8 

pure water 81 

Pure v/ater will capacitance 81 times compared to a 

vacuum. raise/lower 



(rai se) 



25. The capacitance can be raised if a better nonconducting material 
is used between the plates. 

Of the materials listed, the capacitance of a capacitor is greatest 
if we use a dielectric. 

a . s i 1 ver 

b. copper 

c. mica 

d. gold 



(c) mi 



ca 
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26. Experimentation has proved that when the dielectric between the 
plates is vacuum or air the capacitor's ability to store a 
charge is at a minimum. 

Assume the plate spacing and plate area are the same in each of 
the capacitors illustrated. Capacitor has the greatest 

capacitance. 

PAPER. MICA OR 
AIR DIELECTRIC CERAMIC DIELECTRIC 




TBI 



27. Check the items that increase capacitance. 

a. increasing frequency. 

b. increasing voltage. 

c. larger plates. 

d. using mica as a dielectric instead of air. 

e. using vacuum as dielectric instead of waxed paper. 

f . moving plates closer together. 

g. increasing current. 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 



ERLC 



50 



p. I . 



Eleven- 1 I 



ANSWERS - TEST FRAME 2? 

c. larger plates. 

d. using mica as a dielectric instead of air, 
f. moving plates closer together. 



IF ANY OF YOUR ANSWERS IS INCORRECT , GO BACK TO FRAME 19 AND TAKE 
THE PROGRAMMED SEQUENCE. 

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR 
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE 
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, GO TO THE 
NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH 
U.NTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 
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SUMMARY 
LESSON 11 



Theory of Capacitance 



Def i n i t ion of Capaci tance 

Capacitance is usually defined as the ability of a circuit to store 
electrical energy* Therefore, the capacitance {C) of a capacitor 
in an electrical circuit is a measure of this ability to store 
electrical energy. 

Capacitance is measured in units called farads • A 1-farad capacitor 
will store 1 coulomb of charge when a potential of 1 volt is applied 
across the terminals. 



Normally capacitance is measured in microfarads (pf) or picofarads (pf ) • 
One farad is equal to: 



Capacitance is a physical property of the component and does not 
depend on the circuit parameters of voltage, current, and resistance. 
A capacitor will have the same value of capacitance (farads) in one 
circuit as in any other circuit in which it is placed. 

Factors Affect i ng Capac i tance 

The physical properties of a capacitor that affect Its value of capa- 
citance include: (l) area of the plate surfaces; (2) spacing between 
the plates; (3) dielectric constant of the insulator. 

Plate Area - The greater the surface area of the plates, the greater 
the capacitance. Remember capacitance Is the ability to store charge; 
so a greater plate area means more storage area for charges. Capaci- 
tance is directly proportional t o p late area ^ Therefore, If we double 
the plate area, we double the capaci tance. 

Plate Separat ion - The capaci tance I s I nversely proport lonal to 
the separat ion between the pi ates . That Is, if we double the 
separation between two plates, keeping all other factors the same, 
the capacitance is one-half Its original value. Since capacitance 
is the ability to store energy In the electrostatic field, increasing 
the separation between plates decreases the field strength, thus de- 
creasing the capacitance* 



C (farads) = 



Q (coulombs) 
E (volts) 



10^ uf = lo'^ pf 
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Dielectric Constant - The dielectric constant is a measure of the ability 
of a nonconductor to store electrical energy in the distortion of its 
atomic configuration. Hence, a material with a large dielectric con- 
stant can store more energy in the distortion of its atomic orbits 
than material with a low constant. Dielectric constant*; are relative 
numbers based on 1.0 for a vacuum. Dielectric constants for other 
common ma t e r i a 1 s are: 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY 
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. 
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR- 
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF 
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 



Vacuum 
Waxed Paper 
Glass 

Pure Water 



1 .0 
3.5 
5-10 
81 



o 

ERIC 



53 



NAVPERS 9^558-1 la 



BASIC ELECTRICITY AND ELECTRONICS 
INDIVIDUALIZED LEARNING SYSTEM 




MODULE ELEVEN 

LESSON I I I 
Total Capacitance 

Study Booklet 

Bureau of Naval Personnel 
January 1972 



ERIC 




Overview 



Eleven- I I I 



OVERVIEW 
LESSON I I I 

Total Capacitance 

In this lesson you will study and learn about the following: 

-series capacitors 
-parallel capacitors 
-series-parallel capacitors 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 
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LIST OF STUDY RESOURCES 
LESSON I I I 

Total Capaci tance 

To learn the material in this lesson, you have the option of choosing 
according to your experience and preferences, any or all of the 
fol lowi ng: 

STUDY BOOKLET: 

Lesson Narrative 
Programmed I nstruct ion 
Lerson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93^00A-lb ''Basic Electricity, Alternating Current." 
Fundamentals of Electronics . Bureau of Naval Personnel. 
Washington, D.C. : U.S. Government Printing Office, 1965* 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY 
TAKE THE PROGRESS CHECK AT ANY TIMF. 
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NARRATIVE 
LESSON I I I 

Total Capaci tance 

Capacitors can be placed in circuits either in series or parallel, 
just as inductors and other components can* Then, to determine 
the total capacitance in a circuit, we must be familiar with the 
rules for calculating capacitance in the various configurations 
of ci rcui ts . 



Ser i es 



If vve wire two capacitors in series as shown, in effect, we 

increase the distance between 
two plates, A and D* You 
know that increasing the 
space between plates decreases 
BCD capacitance* Therefore, when 

capacitors are wired in series, 
total capacitance decreases. 
Total capacitance (C_) then 



C, 02 I 



is less than the amount of 
the smallest capacitor. 



Recall that inductance and resistance in series are additive; 
capacitance is not* To find in series we apply the rules 
for aetermining resistances in parallel. For example, we can 
find total capacitance by using the sum of the reciprocals 
method , 



1 



CI 



C2 C3 



for series combinations, 



or the product over the sum method if only two capacitors are 
in series, 

CI X C2. 



CI + C2 



Observe that these are methods for solving for total resistance 
in paral lei , but now we have substituted C_ for to solve for 
C^ in series. 
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Find C-r in both circui ts. 



(1) 



H^ 




10juf 10jjf 



(2) 




Cl- Cg- Cg» 

.002jjf lO.OOOpf .002;jf 




Total capacitance in problem (1) is 5 pf> and in problem (2) 
is 909pf or, rounded off, 910pf. Problem (1) could have been 
solved simply by dividing the equal value of the two capacitors 
(lOiif) by the number of capacitors. 10 t 2 = Suf. Problem (2) 
can be solved by the sum of the reciprocals method. 



When capacitors are wired in parallel as shown, you can assume 



values of individual capacitors can be added to determine total 
capaci tance. 



Paral lei 




that, in effect, the cross- 
sectional area of the plates 
has been increased. As the 
plate area increases, capaci 
tance I ncreases ; therefore , 
in paral lei connections, the 



50uf 



lOjjf 



= CI + C2 + C3 + 



+ Cn 
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Capacitance in parallel is figured in the same way that resistance 
is computed in series. 



Find C^. 



Cl 
SOjUf 



r 



c 

lOijf 



1 



Cj in this parallel circuit is 60 pf. 



Ser i es-Paral lei 

Now that you know the rules for finding total capacitance in 
both series and parallel circuits, you can combine these rules 
to solve for in series-parallel circuits* 

Recall that when solving resistive circuits the first step 
was to determine the effective resistance of the parallel net- 
work. 

See if you can find Zj in this circuit; remember that the rules 
are exactly opposite to those you used for Rj. 



J 



tO>if 

J-C3. 



1C4- 

Spf 



J 



By parallel rules, £3 and Zk^ in the parallel network can.be 
added for a total of 10 uf. Then, in effect, we have a circuit 
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with three 10.. f capacitors in series. If we divide lOuf by 3» 

we arrive at a figure of 3.3v.f which is in this series-parallel 

c i rcu i t . 



AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY 
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND 
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, 
STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE 
QUESTIONS CORRECTLY. 
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PROGRAMMED INSTRUCTION 
LESSON I 1 1 

Total Capacitance 

TEST FRAMES ARE k, 8 AND 13. AS BEFORE FIRST GO TO TEST FRAME k AND 
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS 
GIVEN AFTER THE TEST FRAME. 



4 A 




Notice that when we connect capacitors in series we have 
in effect increased the distance between the plates. 

From this we can conclude that when capacitors are wired In 
series, total capacitance (C^) • 

a. increases • 

b, decreases, 

c, stays the same. 



(b) decreases (NOTE: Capacitance is inversely proportional to 
distance between the platesQ 
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2. To find total capacitance (C^) when capacitors are connected 
in series, use the same formula you would use to find total 
resistance or total inductance when they are connected in 
paral 1 el . 

Which formula(s) can be used to determine of series con- 
nected capacitors? 




CI + C2 + 



+ Cn 



c . 



CI C2 C3 
CI X C2 
CI + C2 



(b.) C^ = 



CI C2 C3 



; (c.) C^ = 



CI X C2 
CI + C2 
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3. Example: Find the total capacitance of this circuit. 




Solution: C- = 



CI X C2 



T CI + C2 



or 



CI C2 



. ■ lOiif X lOuf 
'T " \Ouf + lOuf 



J_ J_ 
lOuf lOpf 



' -100 X lo"^^ 
" 20 X 10'^ 



c, = 



1 



T _2 
lOpf 



C^ = 5uf 



In this particular circuit, what other method might have been 
used? 



(equal value method: = — ) 
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^. Find the total capacitance of these circuits (state all answers 
in uf ) . 



a. 



b. 



c. 



Ci 




30;uf 


30jLJf 



Ci 



I 



Hh 

I IOO>if 



11 

lOjjf 



C2 



Ih 



30>jf 



.00006f 



C3 



25>if 20,000,000pf 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME k 

a. lO.f 

b. 6uf 

c . 1 0;. f 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 8. 
OTHERWISE, GO BACK TO FRAME I AND TAKE THE PROGRAMMED SEQUENCE BEFORE 
TAKING TEST FRAME k AGAIN. 



5. 




Notice that when we connect capacitors in parallel, we effectively 
increase the plate area. 

From this we can conclude that when capacitors are connected in 
parallel C^: 

a. i ncreases . 

b. decreases. 

c. stays the same. 



(a) increases 
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6. To find vyhen capacitors are connected in parallel, use the same 
formula you would use to find total resistance or total inductance 
in series. 

Which formula can be used to determine of parallel connected 



capac i tors? 
a. 



CI X C2 
CI + C2 



b. C, = 



c. C^ ^ 



CI + C2 + C3 + . . • + Cn 
Cl C2 C3 Cn 



(b. = CI + C2 + C3 + . . . + Cn) 



7. Find of this circuit. 




ICj = Cl + C2 + C3 
C^ = 50.f + lOuf + 20-.f 
= 80„f) 
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8. Find the total capacitance of these circuits. 



a. 




jLci --C2 



\OMi 




c . 



.OOljuf 



J— CI I C2 -Ej 

\^) — |— 20>lf -y— 50>lf — p- 



r T"-' T 



C3 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 8 

a. 17.5..f 

b. 15.000pf or O.OlS'.f 

c. 881. fd 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 13. 
OTHERWISE, GO BACK TO FRAME 5 AND TAKE THE PROGRAMMED SEQUENCE BEFORE 
TAKING TEST FRAME 8 AGAIN. 



9. Capacitance in series is computed the same way as resistance 

in . Capacitance in parallel is computed 

(ser ies/paral lei ) 

the same way as resistance in . 

(ser ies/paral lei ) 



(parallel; serieTJ 
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10. 



CI 




X 
T 



C2 



JJ-C3 



To find the for the series-parallel network shown, we 
can : 



a. add £2,, C2_, and directly. 

b. use the reciprocal method to find C of C2^ and Cj[ 
and add this sum directly to CJ^. 

c. add C2_ ahd C3. directly and use the reciprocal method 
to find the equivalent capacitance of this sum and CI > 



(c) add C2 and C3 directly and use the reciprocal method to find 
the equivalent capacitance of this sum and CK) 



11. To solve the below series-parallel capacitive circuit for C^, 

the first step is to determine the equivalent capacitance 

(C ) of the parallel network, 
eq 

Find the equivalent capacitance of the parallel network* 

CI 



20pf 



—j-lC 



J_C3 



a. 5uf 

b. 20uf 

c. \Ouf 



(b) 20,. f 
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12. 



01 



20pf 



~r" equivalent capacitance 



\ 



(C^q) = 20>jf 



Our next step is to combine the equivalent capacitance (Cg^) 
with CI. 



for this circuit is: 



a. 20-. f 

b. 25. f 

c. lOuf 

d. kO\.f 



(c) lOLf 
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13. Solve each circuit for C^. 



b. 




CI 



iC2 



30jLJf I l^f 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 13 

a. 10;. f 

b. 35;^ f 

c. 3.75uf 



IF ANY OF YOUR ANSWERS IS INCORRECT . GO BACK TO FRAME 9 AND TAKE 
THE PROGRAMMED SEQUENCE. 



IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY 
STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK 
AND ANSWER ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, 
STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE 
QUESTIONS CORRECTLY. 
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SUMMARY 
LESSON III 

Total Capaci tance 

In many complex circuits, capacitors occur in several configurations 
of series, parallel, and series-parallel connections. To determine 
the total capacitance of a circuit, we must be familiar with the 
rules for calculating capacitance for the three common circuit 
conf igurat ions . 

Ser i es 

For two or more capacitors wired in'series as shown, the total capac 
tance is smaller than any of the individual capacitances. The total 
capacitance of the circuit below can be thought of as one capacitor 
with an increased plate separation equivalent to the plate separa- 
tions of each individual capacitor. 



CI C2 C3 

The total capacitance can be calculated with the formula for series 
configurations. 

c = ^ 

Ci C2 C3 



Pa ra) lei 

For capacitors wired in parallel, total capacitance for the circuit 
below increases since the effective cross-sectional area of the 
plates has been increased. p 



The total capacitance for the parallel configuration can be calcu- 
lated with the formula, 



= CI + C2 + C3 
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Series-Paral lei 

In complex circuits, total capacitance can be calculated by reducing 
the series-parallel network to a simple series or parallel circuit 
and then solving the re^uUing equivalent circuit. This is the same 
procedure that was used in solving complex resistive circuits. 



= 3.75 ..f 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY 
THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH, IF YOU 
TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO 
TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF INSTRUCTION UNTIL 
YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 



Perform th? following exercise by solving the circuit 
for total capacitance. 
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OVERIVEW 
LESSON IV 

RC Time Constant 
In this lesson you will study and learn about the following: 

-analyzing an RC circuit on charge 

-analyzing an RC circuit on discharge 

-computing RC time constants 

-Universal Time Constant Chart 

-effect of variation of time constant 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE* 
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• LIST OF STUDY RESOURCES 
LESSON IV 

RC Time Constant 

To learn the material in this lesson, you have the option of 
choosing, according to your experience and preferences, any or 
all of the fol lowi ng : 

STUDY BOOKLET: 

Lesson Narrative 

Programmed Instruction 

Experiment 
Lesson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93'400A-lb "Basic Electricity, Alternating Current." 

Fundamentals of Electronics ^ Bureau of Naval Personnel. 
Washington, D.C.: U.S. Government Printing Office, 1965* 

AUDIO-VISUAL: 

Sound/Slide Presentation - "Capacitance: Time constants." 

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU 
MAY TAKE THE PROGRESS CHECK AT ANY TIME. 
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NARRATIVE 
LESSON IV 



RC Time Constant 



You know that, theoretically, in a purely capacitive circuit 
the capacitor charges instantly when the circuit is energized, 
as there is nothing in the circuit to limit current flow to the 
capaci tor. 

You know that there cannot be a practical, purely capacitive 
circuit because every circuit contains conductor resistance and 
internal resistance in the source. There is always some resistance' 
in a circuit; therefore, it is necessary to analyze what happens 
in a resistive-capaci tive circuit (RC circuit) as the capacitor 
charges. 

Analyzing an RC Circuit on Charge 



" " The instant SWI is closed to position 

1, current flow is maximum in the 
circuit. By Ohm*s Law, if E is 100 volts and R_ is 20 ohms, 
maximum current is 5 amps, therefore, at the instant the circuit 
is energized, there is 5 amps of current in the circuit. 

Recall that in an LR circuit, at the instant the circuit is 
energized current is minimum. Again, in comparing, we see that 
inductance and capacitance act in opposite manners. 

Now at time zero Vihen the circuit is energized, current is maximum, 
and the voltage drop across the resistance is maximum at 100 volts. 
Voltage across the capacitor (Ep) is zero. 




In the circuit illustrated, the 20- 
ohm resistor represents all circuit 
resistance lumped into one value. 



C 

15Rf 



Before SWI was closed to position 1, 
the circuit was open, and there was 
no current flow, no voltage drop 
across Rl , nor any capacitor voltage. 
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Sw I 
4 » 



100 V 



ELECTRON 



FLOW 




As the capacitor charges, it starts 
to build up a difference of potential, 
Ep, which is in direct opposition 
to the applied voltage. Therefore, 
current decreases, the voltage drop 
across the resistor decreases, and 
EC increases . 



This trend continues until current is zero, E^^ is zero, and 
Ej. is maximum at 100 volts. Notice that the sum of the voltage 
drops across the resistor and the capacitor equals the applied 
vol tage . 

Notice also that the presence of resistance in the circuit limits 
the charging current, and the capacitor always takes some period 
of time to reach its fully charged state. Then the circuit 



becomes static (l =0; E^ = 0; 
done to change i t 



£ = max.) until something is 



Di scharge 



SwI 




Now, if SWI is moved to position 2, 
we provide a path for the piled up 
electrons at the negative plate 
to flow to the positive plate. E 
of 100 volts becomes a source, 
energy stored by the capacitor 
d i scharged . 



T^e 

is 



Therefore, upon beginning discharge, 
current is again maximum at 5 amps. 
The capacitor voltage has become the source voltage, and 
therefore, the voltage drop across the resistance equals the 
capacitor voltage. When E^. is 100 volts, then E^^ is 100 volts. 
As the capacitor voltage begins to decrease, decreases pro- 
port ionately . 



When E 

current decreases, 
ful ly discharged. 



70 volts, Ej, is 
ThTs 



70 volts. As voltage decreases, 
trend continues until the capacitor Is 



Then ; 



I s 
i s 
i s 



zero 
zero 
zero 
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Computing RC Time Constants 

The length of time that a capacitor takes to reach 63.2^ of its 
maximum voltage or to decrease to 36.8^ of its maximum voltage 
is called one TC « it takes five time constants to fully charge 
the capacitor through a resistance, and five time constants to 
fully discharge the capacitor through the resistance. 

The formula for determining one TC in an RC circuit is: 



TC = R X C 

TC = (20 ohms) x (15 x lo"^ f) 

TC = 300 X 10 ^ seconds or 300 microseconds or 

0.3 rrii 1 1 iseconds 

Therefore, in this circuit it takes 0.3 milliseconds for Ep 
to increase to 63.2^ of its maximum (100 v) , or 63.2 volts; 
or it takes 0.3 milliseconds for the Ep to decrease to 36.8^ 
from full charge (36.8 volts). 



TC (in seconds) = R (in ohms) x C (in farads) 



In this circuit, what is the TC? 
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Universal Time Constant Chart 




Let's look again at our old friend, 
the Universal Time Constant Chart, 
vyhich never changes. 

The percentages that are valid 
for inductance are also valid for 
capac i tance . 



From analysis of the RC cir- 
cuit, can you determine what 
quantities are plotted on Curve A? 



What is plotted on Curve B? 



n a capaci t i ve- res i St i ve circuit, and E^^ are maximum at 
Time 0, and capacitor voltage is on the rise; therefore. Curve 
A indicates Ep on the rise, or on charge. Curve B represents 
on charge and Ej^ on charge, as they decrease* It also represents 
all quantities on discharge, E^,, I, and E^^. 

Recall that you can solve for quant i ties' at particular time 
constants by using the percentages on the chart and multiplying 
maximums by the percentage for a given time constant. 
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Ea 

HOOV 



C 
R 

25 ; 



By using the values in the above circuit and the 
percentages of the Universal TC Chart, which you 
have memorized, find: 

I max. = 

TC = 

E,, @ T3 = 



Ej: ffl T2 = 

Ej, $ 2^0 microseconds 



By Ohm's Law, you determine that I = k amps. The time constant 
formula TC = R x C tells us that TC = 60 microseconds. 

E @ Time 3 = 5^ x 100 volts or 5 volts 

E^ Q Time 2 = 86.5^ x 100 volts or 86.5 volts 

Ep @ 2'i0 microseconds - E at time ^ = 98^ x 100 volts = 98 volts 
t c 



Practice Problems 



■ I 
I 



r:30 i 



Ea 

50V 



FIND: TC 



E- @ T2 
E^ @ T2 
@ '♦50 usee 
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TC :K)OK$e< 
Ea:K)OV 
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FIND: 1 TC 

I @ 200 usee = 



3. In problem 2, if the value of is increased after 
5 TC have passed, what will happen to E^? 



Answers 



1 . TC = 150 usee 

E, @ T2 = A3. 25 V 
@ T2 = 6.75 V 
I @ i+SO usee ^ 83.5 ma 

2. @ 1 TC = 36.8 V 

I @ 200 usee = 3.375 amps 

3. Nothing 



Effects of Variations in TC 

The time constant of a given circuit is equal to R x C* There- 
fore, if rebistancL or c-ipacitance is increased, the TC 
increases. If either or £ is decreased, the TC decreases. 

Thfj only way TC can be changed is to vary or £• The only other 
independent variable in the circuit is the applied voltage* Let's 



see vihat happens in this 

~vWW 

K) 



10 V 



circuit if the E is changed from 10 volts 
to 20 volts* ^The time constant does not 
change; It still takes 20 microseconds 
for the capacitor voltage to reach 
63*2^ of its maximum* However, the 
maximum will have doubled from 10 
volts to 20 volts; therefore, the 
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capacitor must charge to twice the voltage in the same amount 
of time. 

Therefore, if E increases, the rate of charge also increases. 
The capacitor ha-o to charge faster. If E decreases, the rate 
of charge decreases. ^ 



AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 110 
PRIOR TO TAKING THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE 
RESOURCES LISTED. IF YOU DO THE EXPERIMENT, TAKE THE PROGRESS CHECK, 
AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON, IF 
NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL 
THE QUESTIONS CORRECTLY. 4 



id 
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PROGRAMMED INSTRUCTION 
LESSON IV 

RC Time Constant 

TEST FRAMES ARE 12, 17, 33 AND 37. AS BEFORE, GO FIRST TO TEST FRAME 
12 AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE 
DIRECTIONS GIVEN AFTER THE TEST FRAME. 



1* A capacitor charges to the source potential instantly if there 
is n£ resistance in the circuit. 

In the circuit shown, the capacitor charges to the applied 

voltage: • •'^^ 



a. the moment switch is closed. 

b. in a definite amount of time. 



T- lOV 



TbJ Tn a definite amount of ti 



I me 



2. The amount of time required to charge a capacitor- to 63.2% (or 
decrease to 36.6%) of the applied voltage in a DC resistive- 
capacitive (RC) circuit is known as the time constant (TC) . 

A time constant is: 



a. the time required to fully charge the capacitor. 

b. the time required for the source voltage to decrease 
to 36.8% of E • 

c. the time required for Ep to be 63.2% of E . 

V a 



(c) the time requ i red'^for Ep to be 63.2% of E . 

w a 
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3. To determine the TC of a DC series RC circuit we use the formula 
TC (in seconds) = R (in ohms) x C (in farads). 



Determine the time it takes for E in this circuit to reach 63.2^ 
of E . L . . 



a. 50 msec 

b. 2 usec 

c. 50 ;,sec 




(c) 50 ;.s"ec" 



The formula TC = R x C says that the time it takes the capacitor 
to charge to 63.2% of applied voltage is directly proportional 
to the product of R^ and 

If the value of R^ or iC is increased in an RC circuit, the time to 
charge the capacitor: 



a. I ncreases . 

b. decreases . 

c. stays the same. 



(a) increases 



Recall from DC LR circuits that it takes about 5 time constants 
to reach steady values. 



Label the time constants below. 



T — ~j 1 1 r 



ERIC 



88 



P.I . 



Eleven- IV 



6. 




We will now analyze a DC RC circuit while charging the capacitor. 
At the instant the switch is closed displacement current is at its 
greatest Ohm's Law value because the capacitor has not built 
up an opposing voltage* 



At the instant the switch is closed: 



a. Ej^ is minimum. 

b. Ej, is maximum. 

c. X is maximum. 

d. I is minimum. 



Ej. is minimum; c. JL 's maximum] 
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7. 



T sT 

21 



100V 



FLOW 



R:20ii_^J 

c:i5Mf ; 

« 



Ohm's Law can be used to determine the amount of current flow 
in the circuit which, for the first instant, is controlled only 
by the resistance. 

The moment the switch is closed, the maximum current is: 



a • 6 • 6 d • 

b. 5 a« 

c. 0.2a. 

d. 6 .Sua. 



(b) 5a. 



8. Because current flow through the resistor is maximum the 
instant the switch is closed, is also maximum* 

In the schematic below, when the circuit is first energized, 
the voltage drop across the resistor is: 



a . 


5 V. 


b. 


100 V. 


c . 


6.6 V . 


d. 


equal to E^, 



- 100V 
V ilKTRON 



20 Q 




(b. 100 v; d. equal to E ) 

a 
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9. As the capacitor continues to charge, the circuit current starts 

to decrease because Ep is opposing E . 

L a 

As the potential difference across the capacitor increases: 



a. current flow increases. 

b. current flow decreases. 



E decreases 

a 



1 Si 

2! 



100V 



LECTRON rvy 



r:2o^^ 



c:i5Mf 



(b) current flow decreases 



10. As the current flow in the circuit is decreasing, the voltage drop 
across the resistor must also be decreasing. 

Which of the below statement (s) is true conce rning a DC serjes 



RC ci rcui t? 

a. Ej^ varies inversely with charge time 

b. i varies directly with charge time 

K 

c. E^ varies inversely with charge time' 

d. E^ varies directly with charge time. 



~ lOOV 



r:2o» 



Ec'.IOOV t. 

C15U' nr 



(a. varies inversely with charge time; d. varies directly 
with charge t ime . ) ^ 
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II. When Ep is equal to E all electron flow stops. 
L a 

Refer to the diagram in frame 10. When E^ is equal to 100 

volts the current in the circuit is and E^. is 

. maximum/zero 

max i mum/zero 



(zero; zero) 



12. Check the correct statements concerning a DC RC circuit when the 
capaci tor is ful ly charged. 



a . 


E^ maximum 


b. 


E^ zero 


c . 


maximum 


d. 


\^ zero 


e • 


maximum 


f . 


Ej^ zero 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 12 



a. E maximum 



d. I zero 



f. zero 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO 

TEST FRAME I?. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED 

SEQUENCE BEFORE TAKING TEST FRAME 12 AGAIN. 




Now if the switch is moved to position 2, the capacitor 
d i scharges . 

During discharge, the capacitor acts as a: 

a. load. 

b. source. 

c. res istance. 



source 
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■lOOV 



9 r:20 



Ec:k>ov Jl 
c:i5uf " 



The instant that the switch is moved to position 2 electron flow 
in the circuit is at its maximum Ohm's Law value again. 

The instant the switch in the above circuit is thrown to position 
2, current flow is amps. 



(5) 



15 



lOOV 



c:i5Mfr 



As the capacitor continues to discharge, its potential decreases, 

and current flow in the circuit . 

i ncreases/decreases 



(decreases) 
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Recall that in any circuit the voltage rise is equal to the 
vol tage drop. 

As the capacitor discharges: 

a. and E^, decrease together. 

b. increases. 

c. as Ep decreases, E^ increases. 



(a) Ep and Fp decrease together 
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Check the conditions that exist in the. above circuit when the 
capacitor is fully discharged. 



a. maximum. 

b. zero. 

c . I maximum. 

d. I zero. 

e. maximum. 

f. zero. 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 1? 
b. zero. 
d. I zero, 
f. Ep zero. 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO 
TEST FRAME 33. OTHERWISE, GO BACK TO FRAME 13 AND TAKE THE 
PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 17 AGAIN. 



18. 'Use the graphs below to answer frames 19 to 22. These graphs 
show capacitor voltage, circuit current, and the voltage drop 
across the resistor in the series RC circuit ''"iring growth. 



(Circuit is energized at time zero.) 



100V 



ER 0 



I O 



100V 



E< O 



1 

1 1 

Vij 1 : 1 1 1 


I I 1 1 1 1 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 




1 1 1 1 I I 

1 1 1 1 1 1 
1 1 1 1 1 1 
T — j_ 1 1 1 1 




1 1 1 1 1 t 1 1 
1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 


1 
1 
1 


1 1 1 1 1 1 
1 1 1 1 1 1 
1 1 1 1 1 1 




— f— 

/ 1 

' f 


1 J, m 1 — i — 1 

1 1 1 1 1 
1 1 1 1 1 1 
1 1 ...1 .1 11 


1 



Tl h h T4 T5 T6 T7 Tg 



— tr 

1 S| 

2 



-E|;.ioov 



ELECTRON 



r:20^ 



FLOW 



c:iSMf 



J 



ON CHARGE 



(Go to next frame.) 
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'9. 


Al TO, i s at i ts value. 

maximum/mi n imum 




(mi n imum) 


20. 


Circuit current at TO is at its value. 

maximum/minimum 




(max imum) 




The curve for and circuit current are similar because 
both reach their and values at the 
time. 


they 
same 


(minimum; maximum) (either order) ^ 



22. The greatest rate of change in current occurs between: 



a. 


Tl 


- T2. 


b. 


T2 


- T3. 


c. 


Ti* 


- T5. 


d. 


TO 


- Tl. 



(d) TO - Tf 
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23. Use the graphs below to answer frames ?.k to 27. These graphs 
show Ep, circuit current, and during discharge of the 
capacitor in the RC circuit shown below. (Circuit Is de- 
ime zero.) 




I O 



K)OV 



energized at t 





"100V 



Decay Curve* 



^ % X| % l6 Ts 



2! / 




20^ 




100V 



535 Uf 



(Go to next frame) 



2k. The greatest voltage drop across the resistor Is at time: 



a. TO. 

b. TI . 

c. T3. 

d. T5. 



(a) TO" 
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25^ The capacitor is completely discharged at: 

a. Tl . 

b. Ti*. 

c. T6. . 

d. T2. 



Em 



26, The greatest rate of change in current is between: 



a . 


Tl 


- T2. 


b. 


T2 


- T3. 


c. 


Ti* 


- T5. 


d. 


TO 


- Tl. 



(d) TO - Tl 



27. When the electrostatic field of the capacitor is depleted 
what are the values of: 

Current? 



(al 1 zero) 
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28. Let's look again at our old friend the Universal Time Constant 
Cliart which never changes. 




'OT IT 2T 3T 4T 5T 

RC 2RC 3RC 4 RC 5RC ^ 
From this chart, you can determine the values of E^,, E^^ and I 
duri ng the and of an RC ci rcul t . 



(grov/th or charge; decay or dischargej" 
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29. Recall that you can solve for quantities at particular time 

constants by using the percentages on the chart and multiplying 
maximum values by the percentage for the time constants. 




Exampl e : 



In the circuit shown, find: 

1. the time constant. 

2. (2 TC after switch is closed) . 

3. E^ (180 usee after switch Is closed.) 

4. I (5 TC after switch is closed.) 



(Answers on next page.) 
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2. 



3. 



TC = R X C 

TC = (30.0 (2 .f) 

TC = 60 '.see 



E after 2 TC : 
100 V X 0.135 



After 180 usee, we are at the 
3rd time constant 
100 V X 0.95 
= 95 V 

Capacitor is fully charged 
Current flow stops 
I = 0 a 



Assume the capacitor in the above circuit is being charged. 
What is the voltage drop across the capacitor after 60 ysec? 

a. 47.5 V 

b. 2.5 V 

c. 50 V 



(a) 47.5 V 
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ft:2S Q 



Assume the capacitor in the above circuit is being discharged, 
What is I at Tl? 



a. ^ a 

b. 2.52 a 

c. 1 .47 a 



(c) l.i»7a 



32. 



— so:6ov 



Ci:2Mf 



Assume the capacitor is being charged, 
i nd i Gated . 



Solve for the quantities 



a. 
b. 
c . 
d. 
e . 



I maximum 
TC 



E at T2 
at T3 
rat Ik 



(a. 2a; b. 60 usee; c. 6.1v; d. 57v; e. 0.04a) 
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33. 



R|:30^ 




The capacitor started discharging at TO. Solve for: 



a. 
b. 
c. 
d. 
e . 



I at Tl 
E at Tl" 
Er at T3 
I at T5 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 33 



a • 


1,10 amps 


b. 


33.12 V 


c. 


4.5 V 


d. 


0 amps 


e. 


0 volts 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO 
TEST FRAME 37. OTHERWISE, GO BACK TO FRAME 18 AND TAKE THE PRO- 
GRAMMED SEQUENCE BEFORE TAKING TEST FRAME 33 AGAIN. 



34. Recall that the time constant Is directly proportional to the 
product of R^ and C_. 

If R_or £ is decreased in a DC RC circuit, it takes: 

a. less time to charge the capacitor. 

b. more time to charge the capacitor. 

c. the same time to charge the capacitor. 



(a) less time to charge the capacitor 
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R|:k>^ 



In a DC RC circuit, if E Is increased or decreased, the time 
constant will not change. 

If the applied voltage in the above circuit is varied, the 
capacitor charges to 63.2% of in . 

a. 5usec. 

b. lOpsec. 

c. ZOpsec. 



(c) 20 



usee 



36, 



Ea:20V 



SW| 



R|'.K)Q 



C|:2Mf 



] 



Notice that in the above circuit we have Increased E^ but left the 
values of and the same. Now the capacitor must charge to 
a higher voltage in the same period of time. 



In a DC RC circuit, if E is increased then the rate of charge Is: 

a 

a . increased. 

b. decreased. 
____ c. stays the same. 



Til i ncreased 
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37. In a DC RC circuit, If: 
1. R is increased. 

2. E is decreased. a. rate of cliarge increases 

3. £^is decreased. b. rate of cliarge decreases 

k. E is increased. c. TC decreases 
a 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
^ ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 37 

1 . b. 

2. b. 

3. a and c. 
k. a. 



IF ANY OF YOUR ANSWERS IS INCORRECT , GO BACK TO FRAME }k AND TAKE 
THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 37 AGAIN. 



NOW TAKE THE EXPERIMENT WHICH BEGINS ON THE NEXT PAGE, IF YOU HAVE NOT 
ALREADY DONE SO. 
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EXPERIMENT 
RC Time Constant 

This experiment illustrates one possible application of RC circuits 
making use of RC time constants. 

1. Draw Practice Board #11-1. a 90-volt battery, a 10 Mii resistor, 
a 1 Mi. resistor, and an oscilloscope from the resource center, 

2. This is the circuit you will be working with. 



™ Eal90V 



R|:iO M n 



/tsNEON 



First an explanation of a new device, the neon lamp* This 
type of lamp is designed to fire (light) at a particular voltage 
(65-70 V for this lamp). Until this voltage Is Impressed across 
it, the lamp acts as an open circuit and no current flows 
through it. When the proper voltage is applied, the lamp fires 
and acts as a short circuit, conducting current until the 
voltage drops below Its extinguishing voltage (approx 35*^0 v 
for this lamp) . 



At the Instant the switch is closed will the lamp light? 



Yes/No 
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3. 




Qi)unp 



At the instant the switch is closed, current flows as shown, 
charging the capacitor through the 10 Mf2 resistor. No current 
flows through the neon lamp because the firing voltage has 
not yet been reached. 

Disregarding the neon lamp, how long does It take to charge 
the capacitor to source voltage? 

Because no current is flowing through the lamp, the circuit at 
this time appears as a 10 resistor in series with a OJ pfd 
capac i tor as shown : 



SM| 



~Ea;90V 



c 



TC = R X C , . 
(10 X 10^) (.1 X 10"^) 

TC ^ 1 sec 

Charge time = 5 TC 

5(s) = 5 sec 



The neon lamp is in parallel with the capacitor. Will 

the capacitor ever charge to 90 v? 

Yes/No 

.5* Since voltage is common across a parallel network, the voltage 
developed across the capacitor as it charges Is impressed across 
the neon lamp. Once the capacitor has charged to a value equal 
to the lamp's firing voltage (SS'-yO v) , the lamp fires, conduct- 
ing current and discharging the capacitor. 
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^NEON 



The neon lamp has a cut-off voltage of 35*^0 volts, 
capacitor discharge completely when the lamp fires? 



Will the 



Yes/No 



6. To determine the time required for the capacitor to charge 
enough to fire the lamp the first time, two values must be 
considered, the firing voltage (65"70 v) and the time constant 
(l sec). 



Source voltage is 90 v; so after 1 sec the capacitor charges 

to volts, after 2 sec it could charge to 

volts. 

7. The firing voltage for the lamp lies between these two 

values. So the initial flash time must be somewhere between 
1 and 2 sec. By using the Universal Time Constant Chart, the 

time can be pin-pointed with a little more accuracy as 

to seconds. 




IRC 2RC 3RC 4RC SRC 
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8. Connect the 90 v battery between terminals and T8^, Now 
measure the time it takes for the lamp to flash for the f 1 rst 
time. Close the switch and time the first flash. De-energize 
the circuit and short the capacitor. Repeat this procedure 
'several times to find an average time, REMEMBER THE CAPACITOR 
MUST BE SHORTED EACH TIME THE CIRCUIT IS DE-ENERGIZED. 



Time 



9. 



If you left the circuit energized after the initial flash, 
you may have noticed that the subsequent flashes occurred in 
less time (about 0^5 sec apart) • The increased firing rate 
occurs, because the lamp does not conduct long enough to 
completely discharge the capacitor. This graph shows the 
voltage variations in the circuit after the switch is closed 
(Time 0) • 



65V 



35V 




10. 



2jO Z5 ao &5 4.0 4.5 SKONDS 
TIMf ^ 



Notice that on the initial charge, the capacitor must charge 
from 0 to approximately 65 volts while on each succeeding 
charge it only has to go from 35 to 65 volts. 

The flash rate may be varied by changing the value of resistance 
in series with the capacitor. To prove this, replace the 10 Mf2 
resistor with the 1 Mf2 resistor. This decrease In resistance 

causes the flash rate to . To prove your 

I ncrease/decrease 
answer energize the circuit and observe the flash rate. 
De-energlze the circuit and short the capacitor. 

11. The charge and discharge cycle of the capacitor may be viewed 
by placing an oscilloscope across the capacitor. 

a. Set the oscilloscope up according to the instructions given 
In "The Oscilloscope Job Program 9-6-K" 
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b. Connect the ground lead to the negative side of the capacitor. 

c. Connect the probe to the positive side* 

d. Energize the circuit and adjust the scope to obtain a 
clear trace, 

e. Sketch the trace: 



f. De-energize the circuit and short the capacitor. 

g. Turn off and disconnect the scope. 

h. Replace the 1 Mfi resistor with the 10 Mfi resistor. 

i. Return materials to the resource center. 

Answers : 
2. No 
3* 5 sec 
k. No 

5. No 

6. 56.89 v; 77.8 v 

7. approximately 1.25 " 1*5 sec 

8. between 1.2 and 1.5 sec 
10. increase 
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YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER 
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE 
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY 
METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS 
CORRECTLY. 
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SUMMARY 
LESSON IV 

RC Time Constant 

In a purely capacitive circuit, the capacitor charges instantly 
when the voltage is applied, and similarly, discharges instantly 
when shorted. Practical ly, . every circuit has conductor resist* 
ance (wire), internal resistance (source) and other resistive 
components. In this lesson we will discuss the phenomenon of 
res is t i ve-capaci t i ve circuits in the transition state. That is, 
we want to describe voltage and current characteristics of an RC 
circuit during the time of charging or discharging the capacitive 
elements « 

A typical res i st i ve-capaci t ive circuit is illustrated below. It 
contains a voltage source, resistive and capacitive components, 
and a switch which can be positioned for: (l and 3) open circuit; 
(2) capacitor charging; and (4) capacitor discharging. 




In position 1, there Is no current flow, no voltage drop across 
R^, and no charge on the capacitor. 

At the instant the switch is closed to position 2, the full voltage, 



appears across points A to B and current flows. 



By Ohm's Law, the instantaneous maximum current flow Is I = 

At this initial time (Time O) , current Is maximum, voltage drop 
across R^ is equal to E , and the voltage and charge across £ is 
zero. As the capacitor charges, a voltage develops across C_ opposing 
E and, hence, decreases current flow. When the charge of the capac- 
itor reaches maximum, the voltage drop across C_ Is equal and 
opposite to E preventing any more current flow. Therefore, the 
larger R is, the longer the time required to reach equilibrium. 
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When the switch Is moved to position ^, the capacitor-resistor 
elements are shorted, and the voltage across £ produces a current, 

I =5 moving In the opposite direction to the charging current* 

It Is Important to note that: 

E (max) = (max) 

a L> 

and charging (max) = 2. discharging (max) 

since Is constant. As discharge current flows, j_ and Ep approach 
zero. 

Computing RC Time Constants 

By definition, the time It takes a capacitor to charge and reach 

63. 2%. of Its maximum voltage, E , Is one time constant, TC. 

a 

TC = R X C 

Likev/ise, the time constant for discharging a capaci 1 1 ve-res isti ve 
circuit from maximum Is that time E^, takes to fall to 36.8^ of its 
maximum value. This is the same TC calculated from the formula 
for the same RC circuit. 

Universal Time Constant Chart 

The Universal Time Constant graph that was valid for inductance 
also applies to capacltive phenomenon In the transition state. 




With the switch at position 2 at 
Time 0, I and E are maximum. 
Capacitor voltage, E^,, is zero. 
As current flows and charging of 
£ occurs. Curve A represents the 
increasing capacitor voltage. 
Curve B represents the decreas- 
ing current and voltage drop 
across R. 
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You can calculate maximum values of Ej^ and £ at Time 0 from Ohm's 
Law. The RC time constant of the circuit Is calculated from 
TC = R X C, From the graph, you can then calculate E^, Ej^, and 
at any time by multiplying the maximum values by the percentage for 
that time. 

The time constant of any RC circuit depends only on the values of 
R and C and does not depend on E . 



AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 110 
PRIOR TO TAKING THE LESSON PROGRESS CHECK, OR YOU MAY STUDY THE LESSON 
NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU DO THE 
EXPERIMENT, TAKE THE PROGRESS CHECK, AND ANSWER ALL OF THE QUESTIONS 
CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF 
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 
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OVERVIEW 
LESSON V 

Capacitive Reactance 
In this lesson you will study and learn about the following: 

-how a capacitor works 
-comparing inductors and capacitors 
-capacitance in AC circuits 
-how frequency affects 

-how capacitance affects 
-mathematical formula for Xj. 
-how Xp affects current 



Overview 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 



ERIC 



120 



Study Resources 



Eleven-V 



LIST OF STUDY RESOURCES 
LESSON V 

Capacitive Reactance 

To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the 

fol lowi ng : 

STUDY BOOKLET: 

Lesson Narrative 
Programmed Instruction 
Lesson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93^00A-lb "Basic Electricity, Alternating Current." 
Fundamentals of Electronics . Bureau of Naval Personnel . 
Washington, D.C.: U.S. Government Printing Off ice, 1965. 

AUDIO-VISUAL: 

Super 8 - "Capacitive Reactance" 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU 
MAY TAKE THE PROGRESS CHECK AT ANY TIME. 
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NARRATIVE 
LESSON V 

Capacitive Reactance 

How a Capacitor Works 

Let's look at a circuit v^ith a capacitor in It. At the instant 

I that the switch is closed, there Is 
no voltage developed across 
the capacitor, so the source sees no 
opposition in the circuit* Circuit 
1 ^— ^ current Is maximum at this first Instant 

T and electrons will pile up on one plate 
of the capacitor and pull away from 
the other plate until a difference of 
I potential equal to source voltage builds 
up across the capacitor. At that time, E^ and E^, are equal and opposite, 
and the displacement current ceases. 

Now, with the capacitor In a fully-charged state. If the source 
were changed from 10 volts to 20 volts, the capacitor would 
again react to a voltage change by charging until a capacitor* 
voltage of 20 volts was reached. 

You recall that capacitance Is associated with the ability of 

a circuit to oppose a change in voltage* Therefore, any change 

in the applied voltage — not only an Increase, but also a decrease 

causes the capacitor to react. For example. If the applied 

voltage to our capacitive circuit were decreased now from 20 volts 

to 10 volts, the capacitor would discharge until E^, was again 

equal to E . 

a 

Th6 capacitor opposes changes In the source voltage through the 
charge and discharge currents. The delay in the change of capacitor 
voltage In an RC circuit (RC time constants) is a good Illustration 
of this. 



Comparing Inductors and Capacitors 

To point out that a capacitor reacts to the rate of change In 
voltage, not to the rate of change In current, It may help to 
analyze the two circuits at the top of the next page: 
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NOTE: Assume both circuits 
have been on for more 
than five time constants. 



How vyould the inductor and the capacitor react in the 
circuits above if the variable resistor were changed 
from lOfi to 



Note that in circuit B, If resistance were decreased, current would 
increase, and the inductor would react to the change in current 
by producing more CEMF to choke the Increase In current flow. 

However, in circuit A, as the capacitor is fully charged, dis- 
placement current becomes zero, and changing the resistance does 
not affect a change in current, nor does the capacitor react. A 
capacitor only reacts to oppose a change in the voltage across it. 



Capacitance in AC Circuits 

Up to this time, we have observed capacitors in only DC circuits. 
Now, you can see that if we were to take the battery out of the 
circuit and quickly reconnect it with the terminals reversed, 
the electron flow would be opposite to the original direction 
through the circuit. If we continued to repeat this process very 
quickly (changing the battery connections back and forth from one 
polarity to another), we would have the same effect as if we 
had an AC source, which constantly changes polarity. 

To react to the changing voltage, the polarity across the plates 
of the capacitor must change constantly. 
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If the capacitor has tirre (a short 
enough time constant) to charge to this 
maximum value, at the moment the voltage 
rever5^es, the capacitor reacts by 
discharging to again equalize the capa- 
citor voltage and the applied voltage. 
Remember, the amount of resistance and 
capacitance determines how much time 
is required to fully charge the capaci- 
tor; so it Is possible (in fact 
probable) that the capacitor does not 
charge to Its maximum value when the 
applied voltage reverses; therefore, 
the capacitor is continuously cliarqing 
or di schargi ng* 



Capacitive Reactance (X^ ) 

We noted above that with an AC voltage, it is possible that the 
capacitor might never have a chance to fully develop the voltage 
across its plates* We said this depends upon the amount of 
resistance and capacitance* The higher the frequency, the less 
time it takes the applied voltage to go from zero to maximum, 
and consequently, the less time the capacitor has to charge* 
One other factor affecting this process, then, is the frequency 
of the applied voltage* The higher the frequency, the less time 
the capacitor has to react* The less time the capacitor has to 
react, the higher the current or the less capacitive reactance 
there is. Increased £ decreased XJ^* Therefore, we can say 
that X is inversely proportional to £* 



Capacitance Affects X^ 

Similarly, if you increase the capacitance, X^, decreases* For 
example, by increasing capacitance we increase the amount of 
charge required to develop a given potential difference across 

the capacitor* (C - therefore, E - ^*) 
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If capacitance is increased, it takes the capacitor longer to 
charge to the applied voltage, and a greater current will flow 
during the charging process. Thus capacitive reactance is less* 

Increased C_ - decreases X^. Just as is inversely proportional 
to frequency, it is also inversely proportional to capacitance* 



X^ Formula 

The formula for finding X^ reflects the inverse relationship of 
I and Cj ^ 

Note that although resistance affects the amount of time required 
to chorge or discharge the capacitor, it does not affect the 
amount of opposition the capacitor offers to the AC current* 
Xj. is independent of circuit resistance* 

Here, as in the formula for X^^, the 2t!_ is a constant (6*28)* 
One divided by 2ji is equal to 0*159; therefore, you may simplify 
the Xj, formula to: 



FinH Xj. in this circuit* 




Answer: 79.5 ohms. 
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Effects of on Current 




Let's see what happens to other circuit 
quantities when X^, is changed in a 
purely capacitive circuit. 



What happens to total current if we increase frequency? You 
know that if you increase f_: ft 

't ' 

and if opposition decreases; 

What happens to Lotal current if you decrease capacitance? 

C + 



Substituting in Ohm's Law Formula 



As Xp is opposition, It can be substituted for R in the Ohm's 
Law formulas. 



Find 1^ in a circuit where E^'= lOOv and Xj. = 50«. 
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Total current is 2 amps. 
E 

I = 

I 100 V 

T " 50ii 



1^ = 2 a 



In this ci rcu it f i nd : 



Eo /O, K)0V 



Answers: = 100 ^2 
1^ = 1 a 



Find X^. 




Answer: X- = -7— 



X. = 



X. = 



a_ 
"T 

100 V 
2ma 

50 kii 
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In Lesson III you learned that parallel capacitance is additive 
and that series capacitance must be computed by the product 
over the sum or reciprocal method. This is true only for 
capacitance. Capacitlve reactance is an opposition to current 
and is measured in ohms. Because of this, total capacitive re- 
actance (Xp^) is computed in the same manner as total resistance. 



AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY 
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND 
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, 
STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE 
QUESTIONS CORRECTLY. 
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PROGRAMMED INSTRUCTION 
LESSON V 



Capacitive Reactance 



TEST FRAMES ARE 16, 29 AND 31. AS BEFORE, GO FIRST TO TEST FRAME 16 
AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIREC- 
TIONS GIVEN AFTER THE TEST FRAME. 



1. Recall that one of the characteristics of capacitance is the 
ability to oppose a change in circuit • 



(voltage) 

2. We can most easily observe how this happens by recalling our 
knowledge of internal resistance. 



When the switch is closed, current flow is: 

a. 1 amp. 

b. 10 amps. 

c. 0.1 amps . 



(b) 10 amps 



vol tage/current 
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3. 



-:r-lOVl 



Ri 

1 



10 AMPS 



0 



How much voltage is dropped across the Internal resistance? 

a. 5 vol ts 

b. 1 vol t 

c. 10 vol ts 



(c) 10 voUs 



Theoretically, the entire amount of applied voltage would be 
dropped across the i nternal res i stance . 

I nternal res i stance: 

a* decreases the terminal voltage of the source* 

b. increases the terminal voltage of the source. 

c* has no effect on the terminal voltage of the source. 



(a) decreases the terminal voltage of the source 




10 AMPS 



0 
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5. Let's look at this same circuit with a capacitor in it. At the 
instant the switch is closed, the capacitor has not had a chance 
to charge and develop an opposing voltage. 



r^. I 

J 




10 AMPS 



The instant the switch is closed, the capacitor in the above 

ci rcui t acts 1 ike a/an ci rcui t . 

open/short 



(short) 



6. 




The instant the switch is closed in the above circuit, only 

the ^ is limiting current flow. 

capac i tor/ i nterna 1 res i stance 



( i nternal res i stance) 
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7. 




As the capacitor charges: 



a. decreases. 

b. terminal voltage decreases. 

c. terminal voltage Increases. 

d. Ej^i increases. 



(a. Ey, decreases; c. terminal voltage increases.) 



8. 




The terminal voltage of the source In the above circuit does not 
reach its full value until the capacitor Is fully . 



(chargedy 



ERIC 



132 



Eleven-V 



9. 




ic:iov 



If we now suddenly change E to 20 v, the capacitor has to 

react to this change by . 

chargi ng/d i scharging 



(charg I ngT 



10* Any change in the applied voltage causes the capacitor to react 
to that change. 

If E in a capacitive circuit decreases, the capacitor has 

to J '_. 

charge/discharge 



(di scharge) 
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11. Due to the property of capacitance, any change in causes 
the capacitor to react so as to limit the change in capacitor 
voltage until the capacitor is fully charged or discharged. 

Chec< the correct statement (s) • 

a. While the capacitor is charging or discharging, a voltage 

is developed across Ri . 
b. While the capacitor is charging or discharging, the 

capacitor voltage does not equal E • 
c. While the capacitor is charging or discharging, the 

terminal voltage does not change. 



(a. While the capacitor is charging or discharging, a voltage is 
developed across Ri ; b. While the capacitor is charging or dis 
charging, the capacitor voltage does not equal E . 
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12. Let's see what happens when we use an alternating source voltage 
In a capacitive circuit. 



You can reverse the charge . across a capacitor by reversing the 
battery as shown below. In each circuit, draw the polarity signs 
in the boxes next to plates A and B. 



□5P 



A 



am 



□5!S A 



13. An AC generator alternately reverses polarity; therefore, if we 
connect an alternator across the circuit, the capacitor reverses 
its charge with each of AC voltage. 



(al ternat ion) 
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14. In figure A, the positive alternation charges the capacitor as 
shown. Draw the polarity signs In figure B to show how the 



capacitor charges during the negative alternation. 




15* If you connect ammeters into the circuits below, the ammeter 
will show a continuous reading In circuit ♦ 



HI 



TbT 



o 
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16. A capac! or: 

a. blocks AC • 

b. blocks a steady flow of DC. 

c. acts as an open In a DC circuit when it Is fully charged. 

d. acts as a short In a DC circuit when fully charged. 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TEST FRAME 16 

b. blocks a steady f]o\^ of DC. 

c. acts as an open in a DC circuit when it is 
ful ly charged. 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST 
FRAME 29. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED 
SEQUENCE BEFORE TAKING TEST FRAME 16 AGAIN. 



17. When there is an AC source, the capacitor is constantly reacting 
to the change and developing a voltage that opposes any change in 

E . 

a 

The effect of these two opposing voltages current. 



(limit) 



18. The opposition which a capacitor offers to alternating current 
is cal led capacitive reactance and is designated X^. 

Capaci t i ve reactance: 

a. limits current flow in a capacitive AC circuit. 

b. is an ability to oppose a change In voltage. 

c. is an ability to oppose a change in AC current. 



(a) limits current flow in a capacitive AC circuit 
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19. The opposition a capacitor offers to AC is measured In the same 
units as the opposition an inductor or resistor offers. 

is measured in: 

a. henrys • 

b, farads.. 

c. ohms. 



(c) ohms 

20. When the source is constantly changing polarity, as in AC, It 
is possible that the capacitor might never have the time to de- 
velop an opposing voltage equal to the source voltage. 

The faster an AC voltage changes, the the capacitor 

wi 1 1 react. more/less 



(less) 



21. We can say then tfidt capacitive reactance Is Inversely pro- 
portional to frequency. 

If frequency is decreased: 

a. Xj. goes up. 

b. X^ goes down. 

^ c. Xj. stays the same. 

d. C goes up. 



(a) Xp goes up 
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22. Since a greater amount of capacitance must accumulate more charge 
to reach a given voltage, you can see -hat If £ Is increased, It 
takes longer for the capacitor to charge and it reacts less 
quickly. 

If capacitance is increased: 

a. Xj. goes up. 

b. goes down. 

c. Xj, stays the same. 



(b) Xj. goes down 



23. We can say that X^. is proportional to £ and £. 



(inversely) 
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2k. The formula for finding X^, reflects the Inverse relationships 
of f_ and C_. 

~ 2"fC Where: = capacltlve reactance In ohms 

2tt = a constant (6.28) 
f » frequency In cycles 
C - capacitance In farads 
Example: What Is the X^ of the circuit Illustrated below? 



f:4khi 



Solution: X-, = ' 



C ZirfC 
X.= ' 



^ (6,28) (4 X 10^) (25 X 10'^) 
Note: Any time you have ^28 simplify the equation and 

substitute 0» 159 for the numeral J_ above the line, (Xj. = ^'1^) 



So- X = 0.159 

^ " (itxlO^) (25x10"^) 

X. = 



^ 100 X 10"^ 



Xj, = i.r- Q 



(Go to next frameT 
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25. What is the capacltlve reactance of the circuit Illustrated 
below? 



a . 
b. 
c. 
d. 



53 Mi 

8 M. 

53 - 
1 



(c) 53 0. 




1 
"J 



26. cannot be measured w.ith an ohmmeterj but the value of E 
w a 
and I can be determined and Ohm's Law applied. 



The Ohm's Law formula to find can be written as 
a. X, 4. 



b. = E X I 



c. Xj.-. 



(c. X(,=f 



27. What would your ohmmeter reading be if you attempted to measure 
Xj. across a capacitor? 

a. 0 ohms 

b. i nf i n i ty 

c. depends on the resistance of the capacitor 



Tbl infinity (It will be read infinity because the capacitor will 
simply charge to the value of the internal batteries of the ohmmeter, 
and then all current will stop.) 
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28. Calculate X- in the circuit illustrated below. 




29. Solve for the quantities listed in the circuits illustrated 
be 1 ow : 



A jJallOOV 



1 
I 



B. 




Xo = 



(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS 
A. 
B. 



- TEST 

100 ., 
50,000 



FRAME 29 
1 amp 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST 
FRAME 31. OTHERWISE, GO BACK TO FRAME 17 AND TAKE THE PROGRAMMED 
SEQUENCE BEFORE TAKING TEST FRAME 29 AGAIN. 
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30. Since X^. depends on the frequency of the applied voltage and 
the amount of Capacitance, let's see what happens to other 
quantities when these values are changed in a purely capacltive 
ci rcui t • 



Example: 




1 

T 



4 

If frequency is increased in the above circuit, then X. decreases; 
if Xj, decreases, then 1^ must lncrea;>e. 

f t 

If £ is decreased in the above circuit, then: 

a, decreases. 

Xj, increases. 



c. \j decreases. 

d. 1^ increases. 



(b. Xj, Increases; c. 1^ decreases) 
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31. Indicate by arrows what will happen to X^. and 1^ in an AC 
capacitive circuit if f_ is decreased; if C_ is increased. 



I C t 



It 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWERS - TE«^T FRAME 31 



Ft Ct 



IF ANY OF YOUR ANSWERS IS INCORRECT , GO BACK TO FRAME 30 AND TAKE 
THE PROGRAMMED SEQUENCE. 



32. Total capacitive reactance (^qj) is computed in the same way 
as total resistance, product over sum or reciprocal method 
for parallel circuits, addition for series circuits. 



Find Xj,^. 




Xci:60Q 



Xc2:40^ 



Xc3:50^^ 



(a. 16.2^i; b. IgO^Q 



YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER 
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE 
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY METHOD 
OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 
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SUMMARY 
LESSON V 

Capacitive Reactance 

You will recall that a capacitor reacts to the rate of change of 

voltage applied to it. At the instant 
the switch is closed in the circuit 
shown, maximum current flows and a 
difference of potential starts to 
build up between the capacitor plates. 
This difference in potential opposes 
the source voltage and reduces the 
voltage across the resistor, thereby 
reducing circuit current. When the 
capacitor voltage equals the applied voltage, current flow stops. If 
we then decrease E , the capacitor voltage becomes greater than E , 
and current flows m the opposite direction. This reverse current 
continues until the capacitor voltage again equals E^. 

a 

If we replace the DC source with an AC source, the capacitor 
voltage continuously varies as it tries to stay equal and 
opposite to the applied voltage. Because the capacitor voltage 
opposes applied voltage, it limits current from the source. 
This opposition to alternating current flow is called capacitive 
reactance . Its symbol is X^, and it is measured in ohms. 




Factors Affecting 



With 



Frequency of the AC source voltage affects the magnitude of X^, 
an AC source, the voltage is constantly changing polarity and 
it is possible that the capacitor may never have a chance to fully 
charge (develop full potential) before the applied voltage changes 
polarity. The higher the frequency of changing polarity, the 
less time the capacitor has to react. The resulting capacitor 
voltage, opposing the source voltage, never reaches maximum by the 
time the reverse chargi ng-d i scharg i ng part of the cycle begins. There- 
fore, the higher the frequency, the less time the capacitor has 
to react, the lower the capacitive voltage opposing the source 
voltage, and the less capacitive reactance. An increase In f_ pro- 
duces a decrease In X^,. X^, is Inversely proportional to frequency. 

Capacitance affects the magnitude of X-. From the formula for the 
time constant of an RC circuit, TC = R x C, the time constant increases 
when capacitance increases. If capacitance Increases, it takes longer 
for the capacitor to charge. The capacitor's reaction takes more 
current and X decreases. X^, is also inversely proportional to C,. 
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The formula for calculating X- is: 




27TfC 



where 2- is a constant equal to 6.28. 

Since X« is a measure of opposition to alternating current flow 
calculated in ohms, i ncreas i ng by decreasing or C_ produces 
a decrease in j_. Simi larly, decreas I ng Xj, by increasing f_ or £ 
produces a corresponding i ncrease in I. 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY 
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. 
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR- 
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF 
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 
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OVERVIEW 
LESSON VI 

Phase and Power Relationships 

In this lesson you will study and learn about the following: 

-phase relations in a purely capacitlve 
ci rcui t 

-vector representations of phase 

relationships 
-angle theta, 6 

-power factor 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 
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LIST OF STUDY RESOURCES 
LESSON VI 

Phase and Power Relationships 

To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the follow- 
ing : 

STUDY BOOKLET: 

Lesson Narrative 
Programmed Instruction 
Experiment 
Lesson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93^00A-lb "Basic Electricity, Alternating Current." 
Fundamentals of Electronics . Bureau of Naval Personnel. 
Washington, D.C.: U.S. Government Printing Office, I965. 

AUDIO- VISUAL: 

Slide/Sound Presentation - "Capacitance: Phase Relations." 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY 
TAKE THE PROGRESS CHECK AT ANY TIME. 
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NARRATIVE 
LESSON VI 



Phase and Power Relationships 



Phase Relations in a Purely Capacitive Circuit 




E 



The chart on the left represents 
the waveforms of both current 



and voltage in a purely capaci 



tive, idealized circuit. Notice 
that current and voltage are 90'' 
apart or out of phase. 



At 0 degrees on the graph, the 



rate of change of applied voltage 
is greatest, and ma>cimum current 
flows to charge the capacitor to 
the source voltage value. 



As the rate of change of applied voltage decreases (0° to 90° 
on the graph), the charging current gradually decreases until, at 
90°, the capacitor voltage and the applied voltage are not chang- 
ing and current is 0. An instant later, the applied voltage 
starts decreasing and a discharge current flows to reduce the 
capacitor voltage. This discharge current is opposite in direc- 
tion to the initial charging current, so it is shown on the graph 
as negative. 

At 180°, the rate of change of the capacitor voltage and applied 
voltage are again maximum, and peak current must flow to keep 
the two voltages equal. From l80° to 270°, the applied and 
capacitor voltages increase to their peak negative value while 
the charging current gradually decreases to 0 at 270^. After 270^, 
the circuit voltage decreases and the capacitor commences to 
discharge Cdubing current to flow in the positive direction again. 
Conditions at 360° are the same as those at 0°, and the cycle re- 
peats as long as the AC voltage is applied to the circuit. 



Vector Representation of Phase Relationships 



This vector representation shows 
current leading voltage by 90°. 



\ DIRECTION OF 
E' VECTOR ROTATION 
— ^ 
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You can remember the phase relationships in either an Inductive or 
a capacltlve circuit by the phrase: 



E L I 



the 



I C E m a n 



Voltage leads Current 
In an Inductive cl rcul t 



Current leads Voltage 
In a capacltlve circuit 



Study the vectors representing the phase relationships that we have 
learned for the three idealized circuits v/e have studied. 



Purely Resistive 



Eo 



Voltage and current are In phase; therefore, 
the phasp angl e is 0** • 



Purely I nduct i ve 



Voltage leads current by 90°. 



Purely Capacltlve 



Eo 



Current leads voltage by 90**. 



Angle Theta 



In the angles of the vectors on the preceding page, this symbol 

appears: 9. This is the Greek letter theta . Angle theta will 

be under consideration in our future studies. It is always the 
phase angle between current and voltage. 



Power Factor 

In a purely resistive circuit, you know that all the apparent 
power Is dissipated by the load In the form of heat. If P In a 
purely resistive circuit is 100 va, then the P is 100 w. When 
all the power that the source supplies to the circuit is used by 
the load, the circuit Is said to have unity power factor. 
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Po\^er companies strive to achieve this Ideal power factor for 
reasons of economics. You can easily understand that the com- 
pany loses money If the plant supplies considerably more current 
to the circuits than they are paid for. For this reason, power 
companies pay considerable attention to the power factor In their 
circuits. 

When all the power in a circuit Is used, as In a purely re- 
sistive circuit, the power factor Is unity or one. Unity is the 
highest power factor possible. In all circuits other than a 
purely resistive or a purely reactive circuit, the power factor or 
PF will be between 0 and K 

Power factor can be computed by dividing true power by apparent 
power: 




Power Factor in Reactive Circuits 



In a purely Inductive circuit, if P equals 100 
va, what Is P ? P = 



Reactive power In a purely Inductive circuit equals the appar- 
ent power; therefore, P = 100 vars. 

A 

By the formula for finding the power factor, you can determine 
the power factor for this purely inductive circuit* 



a 

In a purely inductive circuit, none of the power is actually being 
consumed - it Is merely being stored and sent back to the source, 
so the PF Is 0, 

Similarly, In a purely capacltlve circuit, no power Is being dissi- 
pated. All power Is being stored in the electrostatic field and 
then is returned to the source* Therefore, there Is no true power, 
and the power factor Is 0* 

Any time you have a purely reactive circuit, the power factor is 
0* Any time you have a purely resistive circuit, the power factor 



o 
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Is 1. Circuits having both resistance and reactance have a power 
factor of somewhere between zero and one, depending on the values 
of both resistive and reactive components. 



When you have a purely reactive circuit, what are 
the values of: 

PF? 

6? 



Ycu know the power factor in a purely reactive circuit with no true 
power is 0. The phase angle is 90®. 



In a purely resistive circuit, what is: 

PF? 

e? 



The power factor is 1 and phase angle Is 0. 



If you know that the PF is 0, what kind of a 
circuit is represented? 



This is a puicly reactive circuit, either Inductive or capacltive. 



If the phase angle is 0®, and PF is 1, what kind 
of a circuit Is represented? ^ 



This must be a purely resistive circuit. 

Lets see what a graphic representation of the current, voltage and 
power relationships looks like for a purely capacltive AC circuits. 
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The power curve is drawn by plotting the product of instantaneous 
voltage and instantaneous current through their variations. The 
positive alternations of the power graph represent power transfer 
from the source to the capacitor. The negative alternations repre 
sent power returning to the source. 



AT THIS POINT, YOU MAY PER(-ORM THE EXPERIMENT WHICH STARTS ON PAGE 167 
PRIOR TO TAKING THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER 
RESOURCES LISTED. IF YOU DO THE EXPERIMENT, TAKE THE PROGRESS CHECK, 
AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF 
NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL 
THE QUESTIONS CORRECTLY. 
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PROGRAMMED INSTRUCTION 
LESSON VI 

Phase and Power Relationships 

TEST FRAMES ARE 5 AND 17- AS BEFORE. GO FIRST TO TEST FRAME 5 AND 
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS 
GIVEN AFTER THE TEST FRAME. 



1. Notice that In Inductive circuit A, current rises to maximum 
after voltage. But In capacitlve circuit B, current rises to 

maximum voltage. 

before/after 




CircuH A Circuit B 



(before) 
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2, In an inductive circuit, we say that voltage (E) leads current 
(l)* But in a capacitive circuit we say that; 




a. J_ and E_ are In phase. 

b. £ and J_. 

c. J_ lags E^. 

d. I leads E. 



(d) I leads~E 



3» In a purely capacitive circuit, the current leads the applied 
voltage by 90*^. 



Which of the below vector diagrams represents the phase relation 
between £ and J_ in a purely capacitive circuit? 




(a, c) 
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4. To remember the phase relationships of current and voltage In 
purely inductive and purely capacitive circuits, you can use 
this memory aid: ELI the ICE man. 




ELI means that voltage (E) in a purely inductive circuit (L) 

current (l). 

leads/lags 

ICE means that current (I) in a purely capacitive circuit (C) 

voltage (E) . 

leads/1 ags 



(leads; leads) 



5. In a purely capacitive circuit: 

a. E leads I by l80^ 

b. I leads E by l80^ 

c. I leads E^ by 30\ 

d. E^ leads I by 30\ 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT 
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWER - TEST FRAME 5 

c. I leads E by 90°. 



IF YOUR ANSWER MATCHES THE CORRECT ANSWER, YOU MAY GO TO TEST FRAME 
17. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE 
BEFORE TAKING TEST FRAME 5 AGAIN. 



6. Let's have a quick review of the three vectors we have used so 
far in our study of E_ and J_ phase relationships. 

Match the correct term to each vector. 




a. purely resistive 



b. purely inductive 



2. 



Ea 



c. pu rely capaci t i ve 




(1. b; 2. a; 3. c) 



7. Recall that in a purely inductive circuit the power delivered 
by the source is stored in the inductor's: 



a. electrostatic field. 

b. electromagnetic field, 

c. static field. 



(b) electromagnetic field 
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8. All pov;e^" 11)01 is delivered by the source in a purely capacitive 
circuit is stored in the capacitor's electrostatic field. 

Check the correct statement. 

a. All power is consumed in a purely capacitive circuit. 

b. No pov/er Is consumed in a purely capacitive circuit. 

c. The electrostatic field of a capacitor consumes energy. 



No pov/er is consumed in a purely capa c i t i ve c i rcu i t 

9. Recall that the power that the source delivers and the circuit 
apparently uses is called: 

a. resistive power. 

b. potential power. 

c. apparent power. 



apparent power 

10. Recall that apparent, power (P ) is a product of E and I and 
ICS unit of measure is the: ^ a T 

a . wat t (w) . 

b. volt amp (va) . 



vol t amp (va) 



!1. Also recall that reactive power (P ) is power that is stored by 
the reactive compon^int, whether it^be an inductor or a capacitor, 
and its unit of measure is the: 

a . wat t (w) . 

b. volt amp reactive (var) . 

c . vol t amp (va) . 



volt amp reactive (var) 
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12. Use the illustration below to answer frames 13 to 17. This chart 
shows the relationship of power, voltage, an 1 current in a purely 
capacitive AC circuit. The power waveform indicates that during 
the charging of the capacitor power Is being delivered by the 
source, and during the discharge of the capacitor power is being 
returned to the circuit. 



13. The source in the purely capacitive AC circuit snown In frame 12 



a. 100 w. 

b. 100 va. 

c. 100 vars. 



(b) 100 va 

]k. Because the circuit is not consuming any power, the capacitor is 
storing: 

a. 100 w. 

b. 100 va. 

c. 100 var. 



(c) 100 var 




L_360' 



(Go to next frame . ) 



is furnishing 



to the ci rcu i t . 
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15. In a purely capacitive circuit: 

a, watts equal volt amps, 

b, volt amps equal volt-amps reactive* 



(b) volt amps equal volt-amps reactive 



16. The capacitor will charge during what part or parts of the 
al ternator ' s cycle? 

a. 90" to 180" and 270" to 36O" . 

b. 0" to 90" and I80" to 270". 

c. 0" to 180" only. 

d. 180" to 360" only. 



(b) 0" to 90" and 180" to 270" 

17. The energy that is stored by the capacitor, as indicated by the 
positive alternation of the power waveform, is 
on the negative alternation. 

a. consumed 

b. returned to circuit 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT 
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.) 
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ANSWER - TEST FRAME 17 



b. returned Lo cl rcui t 



IF YOUR ANSWER IS INCORRECT, GO BACK TO FRAME 6 AND TAKE THE 
PROGRAMMED SEQUENCE. 

IF YOUR ANSWER IS CORRECT, DO THE EXPERIMENT WHICH STARTS ON THE 
NEXT PAGE. 
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EXPERIMENT 



WITH SERIES RC CIRCUIT 



USING THE OSCILLOSCOPE AND A SIGNAL GENERATOR 



Now that you have completed the lessons on series RC circuits, set 
up your test equipment and circuit board and see the phase relation- 
ship of E^ and E^^ in a series RC network. Draw an £ scope and a 
signal generator from the material center. 

If needed, refer to the operating instructions on the scope and 
signal generator in Module Nine. Otherwise,, simply study the scope 
controls and the signal generator controls. As before, the oscilloscope 
is a RCA Model W033A. The signal generator is an EICO, Model 377- 

Using the series connected RLC vector board (see next page), the 
oscilloscope and the signal generator, do the following: 

1. Ensure that scope and signal generator are off. 

2. Turn signal generator AMPL (Amplitude) control to 0. 

3. Plug scope and signal generator in power source, turn 
equipment on to warm up. 

i*. On the vector board, open SWl , close SW2 . This sets up a 
series RC network from T3 to T^ . 

5. Connect upper output terminal of the signal generator to terminal 
Jji, the lower output terminal to T3 . 

6. Connect black jumper from upper signal generator output 
terminal to the EXT SYNC/H input on scope. 

7. Connect screw-on test lead to the \/_ input on scope. This 
test lead has three separate clips on its head, one blue, 
one black, and one yellow. 

8. From scope test lead connect the short black clip to terminal 
TV2 on the vector board. 

9. Connect a red test lead to the blue clip; this test lead will 

be used to pick up our signal at different points in the circuit. 

10. On scope, set SYNC switch to EXT position. 

11. On scope, set range to 60^. 

12. On scope, set H/SWEEP selector to 1500 . 

13. Adjust intensity for clear distinct trace. 

\h. On signal generator, set BAND selector to Range B^. 

15. Set sine/square wave selector switch to SINE position. 

16. Set AMPL (amplitude) control to its maximum (100). 

17. Using red test lead (from step 9) hold it to terminal TJ^, 
adjust signal generator frequency selector to about 1500 
cycles on scale B^. 

18. Using scope control's SYNC/PHASE and SWEEP VERNIER control 
adjust for a scope pattern like this: 
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19' Move red test lead from terminal TJ^ to Jk^\ do not change any 
scope signal generator control settings. You should have a 



By adjusting the SYNC/PHASE control you can adjust for a trace pattern 
that is ISC' from the pattern found at We do not have a 180° phase 

shift; however, this is why it^s important not to change any con^trol 
settings once the equipment is set up. 

As in the Experiment in Module Nine, feel free to vary the signal 
generator frequency, take notice of the phase relations between Ep 
and E^ at whatever settings your equipment is set at. 

When you have completed your experiment, secure the equipment, make 
up the leads and turn the equipment back into the material center. 



YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER 
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE 
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY METHOD 
OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS COR- 
RECTLY. 



pattern 1 ike this 




indicating a phase shift of 



something less than 90 degrees. 
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SUMMARY 
LESSON VI 

Phase and Power Relationships 

A capacitor in an AC circuit causes a phase difference between 
vol tage and current . 



The chart on the left represents 
the AC waveform of both current and 
voltage in a purely capacitive, 
idealized circuit. Notice that 
current and voltage are 30"" apart 
or out of phase. When current is 
maximum, both the applied voltage 
and the capacitor voltage are min- 
imum. When current goes to zero, 
then voltages are maximum. 



The vector representation of the voltage-current phase relationship 
in a purely capacitive circuit is shown below. 





-1-90V 




9< 


3°\ 18 


oV A70* AdO* 



VECTOR ROTATION 



(CAPACITIVE) 



0:90' 



>E 

Recall the voltage-current phase relationships for the idealized re- 
sistive and inductive circuits shown below. 



A 



VECTOR ROTATION 



e:90* 



\ 



INDUCTIVE 



I 



\^ VECTOR ROTATION 



RESISTIVE 



To remember voltage-current phase relationships in purely inductive 
and purely capacitive circuits, you can use the memory aid: 

ELI the ICE man 

ELI refers to Inductive circuits (L) where voltage (E) leads the current 
TTT by 90**. Similarly ICE refers to capacitive circuits (C) where cur- 
rent (1) leads voltage TeT by 90°. 

In a purely resistive circuit, all apparent power is dissipated In the 
load. When all power the source supplies to a circuit is used by the 
load, the power factor is unity (1 or 100^). 
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In purely inductive and purely capacitive circuits, all power is being 
stored in the inductive or capacitive components and returned to the 
source through the circuit. Therefore PF = 0 tor all purely reactive 
circuits. In complex circuits v^ith combinations of resistive and 
reactive elements, the power factor (PF) is somewhere between 0 and 1, 
depending on the number and magnitude of components. 

As a review, the following illustration shows the relationship of 
power, voltage, and current in a purely capacitive AC circuit. 




AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE l67 
PRIOR TO TAKING THE "^SSON PROGRESS CHECK, OR YOU MAY STUDY THE LESSON 
NARRATIVE OR THE PROumAMMED INSTRUCTION OR BOTH. IF YOU DO THE EXPERIMENT, 
TAKE THE PROGRESS CHECK, AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO 
TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF INSTRUCTION 
UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY. 
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OVERVIEW 
LESSON VI I 

Capacitor Design Considerations 

In this lesson you will study an learn about the following 

-Vririable capacitors 
-f ixed capac i tors 
-worki ng vol tage 
-WV rat i ng and AC 
-capacitor color codes 



BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES 
ON THE NEXT PAGE. 
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LIST OF STUDY RESOURCES 
LESSON VI I 

Capacitor Design Considerations 

To learn the material in this lesson, you have the option of choosing, 
according to your experience and preferences, any or all of the follow- 

i ncj : 

STUDY BOOKLET: 

Lesson Narrative 
Programmed Instruction 
Lesson Summary 

ENRICHMENT MATERIAL: 

NAVPERS 93'+OOA-lb "Basic Electricity, Alternating Current.'' 

Fundamentals of Electronics . Bureau of Naval Personnel. 

Washington, D.C.: U.S. Government Printing Office, 1965' 
NAVSHIPS 0967-OOO-OUO "Reference Data," Electronics Installation 

and Maintenance Book . Department of the Navy, Naval Ship 

Engineering Center. Washington, D,C.: U,S, Government 

Printing Office, I967. 



YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY 
TAKE THE PROGRESS CHECK AT ANY TIME. 
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Capacitor Design Considerations 

There are two general classifications of capacitors (1) variable 
and (2) fixed. 

Variable Capaci tors 



ROTOR 



We 
i s 

ty 
ti 



are concerned with two kinds of variable capacitors. The first 
the rotor-stator capacitor. You are probabJy familiar with this 



pe for your radio uses a 
ons. As the knob turns, 



STATOR 




The capac i tance 
MICA DIELECTRIC 




rotor-stator capacitor to tune in sta- 
it causes the plates to mesh, varying 

the effective plate area and con- 
sequently the amount of capacitance. 
The rotor-stator normally has air 
for its dielectric. You will learn 
more about what these variable 
capacitors do when you study 
resonance, which we will study 
in future lessons. 



A second kind of variable capacitor 
is the compression capacitor. 
This type of capacitor, shown in 
the illustration, consists of two 
plates with a mica dielectric, 
s varied by changing the distance between the 
plates simply by tightening or 
loosening the center screw. The 
compression capacitor is also 
found in radios. It serves to 
make fine tuning adjustments; 
however, it is not easily access- 
ible and requires shop adjustment. 



PLATES 



SYMBOLS 
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Fixed capacitors have a fixed value of capacitance. They are 
generally categorized by the kind of dielectric each uses. Com- 
mon kinds of fixed capacitors use electrolytic, oil, mica, ceramic, 
and paper dielectrics. 



Elect rolyt ic 



Your power supply has two electrolytic capacitors. The dielectric 
is a liquid or paste, generally paste. Electrolytic capacitors 
are used when a high amount of capacitance is required. 



ALUMINUM FOIL 




PAPfR 
OXIDE FILM 



PAPER and 
ELECTROLYTE 




The inside of an electrolytic 
capac i tor looks someth i ng 
like the illustration (upper 
left) . 



An electrolytic capacitor has two disadvantages. 

' ^ LL -LL pol ar i zed and must be connected in a ci rcui t 



according to polarity. 



4 M 

If connected in reverse, the capacitor may be destroyed. 

Because it is polarized, it charges in only one direction. 

2) The second disadvantage of an electrolytic capacitor is 
that it has low leakage res i stance . That is, it cannot 
store energy over long periods of time. 
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Qi I Capaci lor 

The other fixed capacitor that deserves special mention is the 
oil capacitor, which tends to be self-healing. That is, if the 
voltage applied to the capacitor exceeds its voltage rating, the 
dielectric may break down and permit an arc between the plates. 
Capacitors with most types of dielectric would be permanently 
damaged, but in the oil type, the gap caused by the arc closes 
when the excessive voltage is removed, and the capacitor is 
useful again. DO NOT ASSUME THAT ANY^ AMOUNT OF VOLTAGE MAY BE 
APPLIED TO AN OIL CAPACITOR WITHOUT PERMANENT DAMAGE. 



Work! ng Vol tage 

The maximum safe voltage that can be applied to a capacitor is 
called the worki ng vol tage , abbreviated WV. The WV^ is usually 
stamped on the body of the capacitor. 

Recall that if a great enough voltage is applied to a capacitor, 
it can cause an arc through the dielectric between the plates, 
thus damaging the component. 

If you increase the thickness of the dielectric, it can take a 

greater voltage. However, to increase the thickness of the dielectric, 

the space between plates must be increased, thus decreasing the capa- / 

citance. Therefore, if you increase the thickness of dielectric 

(assuming you are not changing the type of dielectric), you must 

also increase the plate area to keep the same value of capacitance. 

WV Ralinvj and AC 

In earlier lessons we learned that AC voltage is not normally 
measured peak to peak. Instead, a voltmeter reads the effective 
value, v;hich Is less than the sine-wave peak. 

Now consider what would happen to a capacitor with a 100 WV rating 
if 100 V of AC is applied to it. As the AC peaks, it exceeds 100 v 
and goodby capacitor! The voltage rating of a capacitor is usually 
given in working volts DC (WVDC) . Consider a I 1 5 v AC circuit in 
which you are called upon to replace a defective capacitor. If 
you were to put in a capacitor that is rated at 115 WVDC, chances 
are you would damage it because the actual voltage would 
exceed the working voltage. Remember, you must take into con- 
sideration that the AC will reach its peak value twice In each 
cycle. Always choose a capacitor whose WVDC rating is at least 
50 percent above the effective value of AC that is present In the 
circuit, (Remember your meter reads effective values of AC.) 
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Perhaps you have observed that the capacitors in your power 
supply are rated for 50 WVDC. However, the AC source to 
the circuit is about 115 v which exceeds the capacitor rat- 
ing. Will the capacitors in your power supply blow up? 
Why or why not? ■ 



Let's hope you remember that the transformer stepped down the 
source voltage in your power supply to about 2^ volts. Now 
you can see the capacitors have a higher rating than the voltage 
appl i ed . 

Capacitor Color Codes 

The value may be stamped on the body of the component, but 
sometimes values are indicated by color codes. Because there 
are so many shapes and sizes of capacitors, no one standard system 
has been adopted. There are, however, two major systems that we 
can mention: 

1) Joint Army-Navy System (JAN) 

2) Radio Manufacturers Association (R.M.A.) 

A complete breakdown of these two systems and other systems can 
be found in the Electronics Installation and Maintenance Book 
(E.I.M.B.), "Reference Data" section. This book is available 
to you in this school and will be found on board most operating 
ships in the fleet. 

Take a look at some representative values in the E.LM.B. Become 
familiar with it as a reference. 

Usually, vihen you find that you need to replace a capacitor in 
a specific piece of equipment, your best reference will be the 
manufacturer's manual. 



AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY 
ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND 
ANSWER ALL OF THE QUESTIONS CORRECTLY, YOU HAVE MASTERED THE MATERIAL 
AND ARE READY FOR THE MODULE TEST. SEE YOUR LEARNING SUPERVISOR. 

IF YOU DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU 
MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH 
UNTIL YOU HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS CORRECTLY. 
THEN SEE YOUR LEARNING SUPERVISOR FOR THE MODULE TEST. 



179 



Eleven-VI I 



PROGRAMMED INSTRUCTION 
LESSON VI I 



Ccjpacitor Design Considerations 



TEST FRAMES ARE 12 AND 20. AS BEFORE, FIRST GO TO TEST FRAME 12 AND 
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS 
GIVEN AFTER THE TEST FRAME. 



1, There are two general classifications of capacitors: the class 
in v/hich the value of capacitance can be varied, and the class 
In v/liic(i value of capaci tanct is fixed* 

The two classifications of capacitors are: 



2. There are two main types of variable capacitors. The rotor- 
stator capacitor is a variable capacitor that usually uses air 
as i ts dielectric. 

A rotor-stator capacitor usually uses a/an 

d i el ect r i c . 



a. general and constant. 



b. f i xed and variable . 

c. changing and varied. 



Tb) fixed and variable 



a . 



b. 



m I ca 
ceramic 



c . 



a I r 



(c) air 
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3. 



ROTOR 




STATOR 



SYMBOLS 



When the rotor is turned in a rotor-stator capacitor, the 
movement of the rotor plates increases or decreases the 
meshed area of the plates. 

Capacitance is varied in a rotor-stator capacitor by: 

a. moving the stator. 

b. changing the plate area, 

c. changing the dielectric. 



(b) changing the plate area 
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A second type of variable capacitor is the compression capacitor. 
Its capacitance is changed by turning the adjusting screw which 
changes the plate separation. 




SYMBOL H(- 



The capacitance of a compression capacitor is varied by: 

a. changing plate area. 

b. increasing or decreasing distance between plates. 

c. Increasing or decreasing the E . 



(b) increasing or decreasing distance between plates. 

5. Capacitors that have a constant value are categorized by the 
type of insulating material used between the plates. 

Fixed capacitors are named according to their: 

a. dielectric. 

b. pjates. 

c. capacitance. 



(a) dielectric 
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6. Common kinds of fixed capacitors are paper, mica, oil, ceramic, 
and electrolytic (paste or liquid). 

Electrolytic capacitors use chemicals in the form of a fluid 

or spongy dielectric material and are used when a large quantity 

of charge must be stored. 

Electrolytic capacitors: 

a. use a solid dielectric and have low capacitance, 

b. use a paste or liquid dielectric and have a low capacitance, 

c. use a paste or liquid dielectric and have a high capacitance. 



(c) use a paste or liquid dielectric and have a high capacitance 



7. In electrolytic capacitors, the chemicals permit the capacitor 
to charge in only one direction. 

In circuit the capacitor is being charged correctly, 

(A)/(B) 

A B 

r 4)+ -H r 4)+ 
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8, In most cases the polarity of an electrolytic capacitor will be 
marked on the body, \f electrolytic capacitors are charged in 
the wrong direction, they may explode. 

Sho.j how 10 charge the capacitor by drawing a battery across it 
and labeling the terminals. 



SOuFD 5OVDC4 



SOjuFD 50VDC + 




S. Another type of fixed capacitor that deserves mention 
i s the oi 1 capaci tor. 



An oil capacitor uses a/an 



dielectric. 
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10. The oil capacitor tends to be self-healing in that, if too 
high an applied voltage causes a breakdown of the dielectric 
and an arc between the plates, the oil is capable of sealing 
the gap and restoring the capacitor to a useable condition when 
the voltage is removed. A breakdown of the dielectrics in most 
capacitors permanently damages the component. 



0 i I capac i tors : 



a. are permanently damaged by arcing 

b. can repai r themselves . 



(b) can repair themselves 



II. The type and category of capacitor used in your power supply 

a. var iab le oil. 

b. fixed mica. 

^ c. fixed electrolytic. 

d. variable electrolytic. 



(c) fixed electrolytic" 



12. Match the characteristics in Column B to the type of capacitor 
in Column A* 



z. 
3. 
4. 



rotor-stator capacitor 
oi 1 capac i tor 
electrolytic capacitor 
compression capacitor 



a. 
b. 
c. 
d. 



B 



plate area changes 
plate spacing changes 
sel f-heal i ng 
usual ly polarized 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT 
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.) 



p. I . 



Eleven-VI I 



ANSWERS - TEST FRAME 12 

1. a 

2. c 

3. d 
k. h 



IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 20. 
OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE 
BEFORE TAKING TEST FRAME 12 AGAIN. 



13. The maximum safe voltage that can be applied to a capacitor 
without damage is called its working vol tage. . Working voltage 
is abbreviated WV^. 

On the capacitor below, the letters following the voltage 
are WVDC. It means that in a DC circuit the capacitor has 



]k. Recall that when we read AC voltage with our Simpson meter, 
v^e are reading the: 

a. peak value. 

b. peak-to-peak value. 

c. effective value. 



(c) effect i ve val ue 



a 



vol ts . 




(yjorking voltage; 250) 
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15. The effective value of AC is not the peak or maximum ^ or [ 
generated for a particular alternation of a sine wave. 

The peak value of an alternation is than the 

effective value. greaterv/ 1 ess 



(greater) 

16. The ^ef feet ive value of the circuit shown below is equal to 
what value of DC? 

a. 310 V DC 



b. 115 V DC 



c. 220 V DC 



(c) 220 V DC 

17* Because of the peak voltage, a capacitor rated at 220 WVDC 

be used in a 220 v AC circuit. 

(can/cannot) 



(cannot) 

18. If the capacitor is rated in WVDC and it is to be used in an AC 

application, you must allow at least 50 percent more voltage 
rating than the effective value of the AC voltage. 

A capacitor that is rated at 115 V/VDC can be used in a: 

a. 50 V AC circuit. 

b. 100 V AC ci rcui t. 

c . 1 1 5 V AC ci rcu i t. 



(a) 50 V AC circuTt 



220v 



o 
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19. The type and thickness of the dielectric in a capacitor are 
prime factors in determining how much voltage it can with- 
s tand . 

The working voltage of a capacitor is primarily determined by 
the: 

a. type and thickness of the dielectric. 

b. capacitance. 

c. area of the dielectric. 



(a) type and thickness of the dielectric 



20. Select t^e capacitor whose voltage rating is the lowest that 
can be safely used in a circuit with a 115v AC source. 



a . 



200 WVDC / 



b. 



c . 



!05ijf \ 
175 WVDC J 



120 WVDC J 



(THIS ISA TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT 
ANSWER GIVEN AT THE TOP Qf THE NEXT PAGE.) 
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ANSWER - TEST FRAME 20 

b 



IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO FRAME 21 AND COM- 
PLETE THE PROGRAM. OTHERWISE, GO BACK TO FRAME 11 AND TAKE THE 
PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 20 AGAIN. 



21. Although the values of voltage and capacitance may be stamped 
on a capacitor's body, values are sometimes given in much the 
same way as resistor values. 

Some capacitors are 



(color coded) 



22. Because *^here are so many shapes and s i ze'b of capacitors, one 
standard system of color coding has not been developed. 

There are, hovyever, two major systems that we can mention. 
These are the Joint Army-Navy system (jAN) and the Radio 
Manufacturers Association (R.M.A.). 

A complete breakdown of these two systems and other systems 
can be found in the Electronics Installation and Maintenance 
Book (E.I.M.B.), "Reference Data" section. This book is avail- 
able to you in this school and vyill be found on board most 
operating ships in the fleet. 
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IF YOUR ANSWERS ARE CORRECT. YOU MAY NOW TAKE THE PROGRESS CHECK, OR 
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE 
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, YOU HAVE MASTERED 
THE MATERIAL AND ARE READY TO TAKE THE MODULE TEST. SEE YOUR LEARNING 
SUPERVI SOR. 



IF YOU DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU 
MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH 
UNTIL YOU HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS CORRECTLY. THEN 
SEE YOUR LEARNING SUPERVISOR AND ASK TO TAKE THE MODULE TEST. 
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SUMMARY 
LESSON VI 



Capacitor Design Considerations 

There are tv;o general classifications of capacitors 
and (2) fixed. 



(1) variable 



Var i able Capac i tors 

Variable capacitors are constructed in such a vjay that their capacitance 
values can be changed by mechanically varying either the plate area or 
the plate separation. 



ROTOR 



STATOR. 




The rotor-stator capacitor 
shown in the diagram varies 
C^ by changing the plate area, 
This is determined by the de- 
gree of meshing of rotor and 
stator plates. This type is 
an example of a capacitor 
which normally uses air as a 
dielectric. 



SYMBOLS 



Hf- 



MICA DIALECTRIC 




PLATES 



SYMBOL 



The compression capacitor con- 
sists of two plates with a 
mica dielectric. The capaci- 
tance is varied by changing 
the plate separation. 
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F i xed Copoc i tors 

fixed capacitors have constant capacitance values and are generally 
classified by the kind of dielectric used. Common dielectrics for 
fixed capacitor^ are: [}aper. oil, mica, ceramic. ai*.d electrolytic. 

The choice of the type of capacitor for a circuit configuration 
depends on many variables, such as capacitance, vyorking voltage, 
leakage resistance, and size. 

W ork i ng Vol t age 

The maximum safe voltage that can be applied across a given capacitor 
Is called the worki ng vol tage , WV . Capacitors with large working 
voltages usually have relatively thick dielectrics which require 
considerable plate spacing, thus limiting the capacitance. 

In choosing capacitor working voltages for AC circuits, remember 
that AC peak voltage Is higher than the effect I ve vol tage . Since the 
working voltage of a capacitor Is usually expressed In DC, choose WV^ 
values at least 50 percent higher than the AC voltage requirements. 

Capacitor Color Codes 

A single standard coding system for Indicating capacitor values does 
not exist. There are, however, two major systems that are commonly 
used : 

1. ) Joint Army-Navy System (JAN) 

2. ) Radio Manufacturers Association (R.M.A.) 

Consult the Electronics Installation and Maintenance Book (E.I.M.B.) 
for a complete breakdown of these two systems and others. 



AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY 
THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU TAKE 
THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, YOU HAVE 
MASTERED THE MATERIAL AND ARE READY FOR THE MODULE TEST. SEE YOUR 
LEARNING SUPERVISOR. 

IF YOU DECIDE NOT TO TAKE THE MODULE TEST Al THIS TIME, OR IF YOU MISSED 
ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU 
HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS CORRECTLY* THEN SEE YOUR 
LEARNING SUPERVISOR TO ASK FOR THE MODULE TEST. 
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